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Abstract 

This  program  was  concerned  with  the  synthesis  and  characterization 
of  fluorine-containing  compounds  by  novel  methods.  A  detailed  study  of 
the  systems  X2  +  F2  where  X  =  Cl,  Br,  or  I  was  carried  out,  pro¬ 
ducing  evidence  for  the  new  species  XF^,  X2F  and  as  weH  as 

some  of  the  normally  unfavored  members  of  the  series  XF^  (n=l,3,5). 

High  resolution  infrared  spectra  of  the  interhalogen  compounds  C1F  and 
BrCl  were  measured  for  the  first  time.  The  uses  of  an  infrared  laser 
to  produce  new  species  in  matrices  via  multiphoton  dissociation  and  to 
open  up  new  synthetic  routes  in  the  gas  phase  have  been  examined.  A  new 
technique  of  obtaining  infrared  spectra  of  short-lived  species  has  been 
studied  and  its  potential  evaluated. 


2 


1.  INTERHALOGEN  COMPOUNDS, 


(A)  INTRODUCTION 


This  part  of  the  program  was  concerned  with  the  preparation,  detection  and 
characterization  of  unusual  interhalogen  species.  The  physical  and  chemical 
properties  of  the  xnterhalogens  were  comprehensively  reviewed  in  1973^  and  the 
literature  published  up  to  1976  has  been  surveyed  .  The  quality  of  informa¬ 
tion  available  for  these  compounds  falls  into  three  broad  classes.  In  the  first 
group  are  compounds  which  are  stable,  monomeric  and  whose  properties  are  reason¬ 
ably  defined  (IF^,  IF,.,  CIF^,  BrF^,  C1F,  IC1  and  IBr) ,  and  whose  structural 
parameters  have  been  determined  by  precise  (e.g.  microwave  spectroscopy,  elec¬ 
tron  diffraction  or  X-ray  diffraction)  methods.  There  is  a  second  group  of 
stable  compounds  whose  properties  are  complicated  by  molecular  association 
(^Cl^.,  BrF^,  CIF^)  and  for  which  data  for  the  monomeric  species  have  been  ob¬ 
tained  by  less  precise  methods.  The  third  group  comprises  those  compounds  which 
tend  to  dissociate  or  disproportionate  at  room  temperature  (IF.^,  IF,  BrF  and 
BrCl) ,  for  which  only  a  few  data  are  available.  The  known  properties  of  tran¬ 
sient  or  radical  species  are  naturally  few. 

The  major  methods  for  the  study  of  interhalogen  radicals  have  been  infrared, 

Raman  and  E.S.R.  spectroscopy  of  the  matrix-isolated  molecules.  Nelson  and 

Pimentel  presented  evidence  of  a  T-shaped  BrBrCl~  species  and  suggested  that 

4a 

BrCl^  and  Br^Cl  may  also  be  formed  .  Maraantov  e_t  ah  reported  infrared  evi¬ 
dence  for  CIF-'  which  implied  that  this  radical  was  obtusely  bent,  despite  other 

^  .56 

work  proposing  that  the  isoelectronic  radicals  Cl^’  and  Br^’  are  linear. 

Infrared  spectroscopic  evidence  consistent  with  C^F',  CI2F2  and  C^F^*  was 

46 

also  given  by  Mamantov  jit  £l  .  and  the  application  of  Raman  and  UV-visible 

spectroscopy  confirmed  the  existence  of  C1F  ’  and  lent  support  to  the  non-linear 
7  i 

hypothesis  .  However  no  asymmetry  or  splitting  of  was  found,  which  would  be 

attributable  to  a  Cl-isotope  shift,  but  large  unspecified  slitwidths  were  employ- 
8 

ed.  A  second  study  of  the  Cl^’  radical  indicated  that  the  evidence  for  its 

linearity  was  mistaken;  the  bands  assigned  to  it  in  fact  arose  from  the  linear 

,  9 

Cl-  ion.  E.S.R.  matrix  studies  have  detected  and  characterized  C1F,  , 
C1F6'10’11,  BrF6’11,12  and  IF6'U. 


(B)  MATRIX  ISOLATION  STUDIES 


This  work  deals  with  the  detection  of  XF2*,  and  XF2'  interhalogens. 

The  experimental  details,  the  spectra  obtained  and  their  interpretation  are  con¬ 
tained  in  Appendix  1  (Inorg.  Chera. ,  17,  970  (1978)).  It  is  appropriate  to  dis¬ 
cuss  the  data  and  conclusions  in  slightly  more  detail.  The  spectra  of  both  the 

1  13 

diatomic  interhalogens  and  main  group  fluorides  have  recently  been  reviewed, 
and  the  trends  in  their  vibrational  frequencies  and  force  constants  have  been 
noted.  It  is  clear  that,  for  the  lower  oxidation  state  interhalogens,  the  force 
constant  for  an  X-F  bond  decreases  on  descending  the  group,  and  that  in  mole¬ 
cules  with  two  types  of  X-F  bond  the  shorter  bond  has  the  greater  force  con¬ 
stant.  However,  it  is  noteworthy  that  in  the  series  C1F,.,  BrF,.  and  IF,,  both 
the  force  constants  for  the  apical  and  basal  X-F  bonds  increase  on  descending 
the  group. 

The  most  complete  data  for  radical  interhalogens  are  available  for  the  XF2* 
species  (Table  1).  The  trends  from  C1F2+  through  C1F2*  to  CIF2  are  clear¬ 
ly  visible.  It  is  appropriate  to  note  that  for  CIF2*  v ^  and  have  only 

been  detected  in  infrared  spectra  and  only  in  Raman  spectra.  A  naive 

application  of  "selection  rules" implies  that  the  molecule  is  linear.  However  the 
intensity  of  v^  in  infrared  spectra  and  in  Raman  spectra  for  an  XY2 

molecule  having  an  interbond  angle  a  more  than  140°  may  be  negligible^® .  In 
such  case  a  lower  limit  for  a  may  be  calculated  using  anharmonic  frequencies 

for  v_  obtained  by  isotopic  substitution  of  the  central  atom,  albeit  with  a 
J  21 

large  possible  error  as  a  approaches  180°  .  Application  of  this  treatment  to 

CIF2*  leads  to  a  =  136  +  4°.  Confirmation  of  a  bent  geometry  could  come  from 

the  observation  of  a  central  atom  isotope  shift  for  v..  in  the  Raman  effect.  In 

the  case  of  BrF2*  observation  of  v^  at  569  cm  with  isotope  splitting  leads 

to  an  interbond  angle  of  152  +  8°,  the  larger  uncertainty  reflecting  the  smaller 

79  81  — 

shift  derived  from  Br  -  Br  substitution.  The  deformation  mode,  v  ,  is  ex- 
pected  to  lie  considerably  below  that  of  C1F-"  (242  cm  )  since  the  comparable 
deformation  in  BrF^  (v^,  b^)  is  smaller  by  80  cm  than  that  of  CIF^.  It 
would  therefore  be  beyond  the  spectral  range  of  the  experiments  carried  out.  The 
Raman  data  obtained  for  both  were  disappointing  and  no  band  attributable  to 
was  detected. 

Reasonably  complete  data  were  obtained  for  the  ^2^'  systems  (Table  2).  The 
vibrational  modes  are  listed  merely  in  order  of  wavenumber,  and  the  potential 


i 
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TABLE  1 

Data  for  XF2  Species 


Species 

Symmetry 

Observed 

Frequencies  (cm  3) 

Bond  Angle 
(degrees) 

O  — 

f  (mdyn  A 

V1 

V2 

V3 

.7,14,15 

CIF^ 

C2v 

807 

387 

830 

100 

4.74 

4,7 

cif2* 

C2v 

500 

242 

578 

136+4 

2.48 

16 

cif2" 

D“>h 

476 

635 

180 

2.35 

BrF2* 

C2v 

569 

152+8 

BrCl* 

C2v 

325 

35ClFa 

773.5 

4.562 

79BrF17 

663.6 

4.071 

BrCl18,19 

439.5 

2.832 

(a)  See  section  3(c) 
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TABLE  2 

Data  for  X2F  Species 


Compound 


Observed  Frequencies 


(cm  1)C 


v 


3 


35C12F 

559 

464 

79Br2F 

507 

X2F 

499 

35ClFd 

773.5 

79BrF17 

663.6 

IF22 

618 

35ci222 

556.9 

79Br222 

323.2 

l22 

2 

213.4 

a.  Largely  X-F  stretching  character. 

b.  Largely  X-X  stretching  character. 

c.  Uncorrected  for  anharmonicity . 

d.  See  Section  3c. 


energy  distribution  (Appendix  1)  indicates  that  of  Cl^F  has  largely  Cl-F 

stretching  character,  largely  Cl-Cl  stretching  character  and  is 

almost  entirely  the  bending  mode.  As  expected  V2  is  much  weaker  in  intensity 
than  v^.  In  the  heavier  species  will  have  more  X-X  stretching  charac¬ 

ter  and  thus  become  less  intense  and  lower  in  frequency.  v  for  these  species 

-1  J 

is  very  likely  to  appear  at  less  than  200  cm  .  Thus  the  failure  to  observe 
\>2  and  for  B^F  and  ^F  is  not  unexpected.  The  force  constants  and 

bonding  for  these  compounds  are  discussed  in  detail  in  Appendix  1. 

Data  for  the  ^2^2  systems  are  shown  in  Table  3.  In  a  T-shaped  ^-^2 
molecule  there  are  three  modes  of  largely  stretching  character  -  v^(a^);  v2(ai) > 
and  v^(b^).  Of  these  v  is  essentially  the  symmetric  stretch  of  the  Y-X-Y 
unit  and  since  the  YXY  angle  is  expected  to  be  close  to  180°  this  will  be  a  low 
intensity  I.R.  band.  Similarly  will  have  largely  X-X  stretching  character 

and  will  be  weak.  Therefore  the  only  stretching  mode  anticipated  to  be  detected 
will  be  v^,  an  antisymmetric  stretching  mode  of  a  close-to  linear  Y-X-Y 
unit.  The  closest  approximation  to  a  well-characterized  mode  of  a  stable  molecule 
will  therefore  be  ^(b^)  °f  C1F^2\  BrF^2^  and  IF^25.  IF^  is  a  poorly 
characterized  polymeric  solid2^  and  data  obtained  from  it  are  not  strictly  compa¬ 
rable.  The  spectra  for  these  X0Y„  species  have  been  assigned  based  on  the 
F  ^  ^ 

Cl-Cl  type  structure  rather  than  the  alternative  Cl-Cl-F  model.  In  the  first 
F  F 

place  the  bands  observed  fit  close-to-linear  rather  than  almost-right-angle 

F-Cl-F  units.  In  the  latter  case  the  symmetric  and  antisymmetric  stretching 

modes  would  be  expected  to  have  similar  intensities  and  different  isotope  shifts 

would  be  expected.  Secondly  these  are  the  shapes  predicted  by  VSEPR theory  when  the 

26 

central  atom  is  three  coordinate  with  two  lone  pairs.  In  such  a  case  the  basic 

coordination  unit  is  a  trigonal  bipyramid  with  the  lone  pairs  in  equatorial  sites, 

and  the  more  electronegative  ligands  in  axial  sites.  These  rules  have  found 

general  application  in  p-block  elements,  and  for  instance  all  the  mixed  penta- 

26 

halides  of  phosphorus  and  antimony  conform  to  this  model  .  The  other  possible 

type  of  ^2^2  un^t  a  l°osely  associated  dimer.  Species  of  this  type  may  be 

responsible  for  the  breadth  of  some  of  the  bands  assigned  to  the  interhalogen 

diatomic  molecules.  The  shapes  that  these  adopt  are  not  known  beyond  the  fact 

27 

that  these  dimers  are  polar. 

One  last  point  of  significance  in  this  work  is  that  no  charged  species  were 
produced  in  these  experiments.  The  energy  of  the  photolytic  sources  used  was 
insufficient  to  ionize  the  halogens  or  interhalogens  employed^. 


TABLE  3 


Data  for  *2*2 

Compound 

Observed  Frequency 

VV 

35d2F2 

627 

79Br2F2 

554 

X2F2 

526 

79 

V2C12 

325 

C1F323 

677 

23 

BrF3  J 

597 

IF3  (solid)24 

* 

480 

593 

BrCl18’19 

439.5 

Species 
(cm  ) 


This  frequency  is  probably  abnormally  low  due  to  F-bridging. 
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(C)  DIATOMIC  INTERHALOGENS 

In  the  above  discussion  of  interhalogen  radicals,  many  of  the  spectra  obtained 
are  related  to  the  vibrational  spectra  of  the  halogens  and  diatomic  interhalogens. 
However  it  is  surprising  to  find  that  some  of  the  spectra  available  for  these  species 
were  obtained  at  low  resolution,  and  therefore  the  vibrational  and  rotational  con¬ 
stants  are  not  precisely  determined.  Three  interhalogen  compounds,  related  to  those 
studied  in  section  B,  illustrate  this  point. 

28 

The  best  infrared  data  available  for  chlorine  monofluoride  date  from  1951  ,  in 

35 

which  work  the  values  of  co  and  to  x  calculated  for  C1F  were  786.34  and 
.  e  e  e 

6.23  cm  ,  respectively,  compared  with  783.543  and  5.2046  in  this  work.  The 

resolution  claimed  for  this  earlier  work  is  0.4  cm  \  a  high  figure  for  that  time, 

and  this  represents  some  of  the  best  infrared  data  available  for  an  interhalogen. 

The  rotational  constants  have  been  redetermined  from  older  microwave  data  more  re- 
29 

cently  .  C1F  is,  however,  a  stable  compound,  albeit  very  reactive,  so  that  these 
spectra  are  relatively  easy  to  measure. 

Bromine  monochloride  is  an  example  of  an  interhalogen  that  exists  in  equilib- 

18 

rium  with  its  elements;  the  equilibrium  constant  for  the  reaction  is  0.15  .  The 

18 

latest  reports  of  the  infrared  spectrum  of  BrCl  vapor  date  from  1954  and 
19 

1955  .  These  spectra  were  recorded  at  low  resolution  and  since  there  are,  in  nat¬ 
ural  abundance  BrCl,  four  isotopic  variants  present,  only  estimates  of  u  and 

0 

w  x  were  given.  There  have  been  several  low  resolution  Raman  investigations  of 

6  30-32  33 

both  the  vapor  and  liquid  phases  ,  and  more  recently  UV-visible  absorption 

34 

and  emission  studies  have  been  reported. 


Bromine  monofluoride  presents  more  difficult  problems.  It  exists  only  in 

35 

equilibrium  with  B^,  BrF^  and  BrF^  and,  since  this  system  contains 

fluorides,  it  is  especially  corrosive  and  reactiye.  Al1  Br-F  stretching  modes 

occur  between  600-750  cm  ^  and  consequently  measurement  of  the  BrF  vapor-phase 

infrared  spectrum  is  difficult  because  of  bands  from  interfering  compounds  even 

at  low  resolution.  At  higher  resolutions,  when  long  scanning  times  are  necessary, 

the  sample  composition  can  vary  significantly.  The  only  report  of  the  gas-phase 

36 

spectrum,  published  in  1959  ,  employed  large  unspecified  slitwidths.  BrF  has 

37 

been  observed  in  matrices  but  appears  to  be  subject  to  a  large  matrix  shift 

The  best  data  arise  from  a  flame  emission  study  (1955) ^  that  gives  values  of 

672.6  and  4.5  cm  ^  for  w  and  w  x  .  There  is  a  large  scatter  in  all  the 

e  e  e 

reported  vibrational  data  for  this  molecule. 
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It  may  be  misleading  to  employ  existing  infrared  spectral  data  in  detailed 
comparisons,  or  to  attempt  any  more  sophisticated  analyses  above  those  in  (B) 
above  and  Appendix  1  without  better  data,  and  therefore  the  infrared  vapor- 
phase  spectra  of  these  molecules  were  remeasured.  This  work  was  performed  in 
conjunction  with  the  Department  of  Physics,  University  of  Tennessee,  and  is 
presented  in  Appendix  2. 
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2.  INFRARED  LASER  PHOTOCHEMISTRY 
(A)  MATRIX-ISOLATION  STUDIES 

It  is  well  established  that  polyatomic  molecules  in  the  gas  phase  at  low 

pressures  may  be  dissociated  by  high  power  infrared  laser  irradiation,  and  that 

this  may  proceed  with  isotopic  selectivity^".  There  have  been  several  reports 

2_8  ^  12 

of  I.R.  laser  photolysis  of  molecules  isolated  in  matrices  *  ’  ,  and,  if 

this  was  a  generally  applicable  technique,  it  would  lead  to  the  possibilities 
of  discovering  more  information  about  modes  of  disssociation,  and,  via  trapping, 
the  investigation  of  novel  intermediate  species. 

Three  approaches  to  this  have  been  reported.  The  first  involved  irradi- 

13 

ation  of  the  unsaturated  complex  Fe(CO)^,  labelled  with  CO,  with  a  low 
power  CO  laser.  In  a  series  of  papers^-^  it  was  demonstrated  that  this  mole¬ 
cule  was  very  labile  and  interconversion  of  the  various  conformers,  as  well  as 
their  selective  reaction,  were  achieved.  A  key  point  is  that  it  is  thought  that 
these  processes  require  only  the  energy  of  a  single  I.R.  photon. 

The  second  study  dealt  with  irradiation  of  matrix-isolated  SF,  with  a 

7  8  ^ 

high  power  CO2  laser  ’  .  SF^  may  be  dissociated  in  the  gas  phase  by  irradi¬ 
ating  its  v^  band  at  ca.  940  cm  \  and  this  process  requires  40-60 
photons^*!®.  This  can  be  isotopically  selective  -  i.e.  -*^sf  dissociated 

but  ^SF^  is  affected  to  a  proportionately  far  lesser  extent.  It  was  claimed 
that  isotopically  selective  multiphoton  dissociation  of  SF^,  isolated  in  CO 
and  Ar  matrices,  had  been  detected  and  monitored  by  the  relative  intensities 

of  the  ^2SF  and  "^SF,  bands  at  ca.  940  cm 
6  6 

The  third  study  was  entitled  'SPARCCS'11'^2  -  single-photon-absorption 
reaction  chemistry  in  the  solid  state.  It  was  claimed  that  a  reaction  between 
UFg  and  SiH^,  and  a  number  of  other  reactant  pairs,  was  stimulated  by  irradi¬ 
ation  with  a  low  power  diode  laser  operating  in  the  16|j  region  where  of 

UF^  occurs.  The  effects  observed  were  small  and  required  irradiation  times  of 
up  to  10  hours. 

The  claim  for  observation  of  multiphoton  effects  in  matrices  appeared  impor¬ 
tant  and  therefore  a  detailed  study  of  several  systems  was  undertaken.  The 
results  obtained  are  summarized  in  Appendix  3  (J.  Amer.  Chem.  Soc.,  100,  6526 
(1979)).  The  published  paper  contains  only  brief  details  of  this  work  and  it 
will  be  discussed  in  more  detail  here. 
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7  8 

Of  immediate  interest  to  this  project  is  the  claim  by  Ambartzumian  £t  al  * 

32 

to  have  observed  selective  dissociation  of  SF,  in  argon  and  carbon  monoxide 
matrices  using  a  carbon  dioxide  laser  operating  in  the  940  cm  region.  They 
estimated  that  each  molecule  absorbs  energy  corresponding  to  about  150  quanta 
of  CO2  laser  radiation.  We  were  surprised  that  no  dissociation  products  were 
detected  using  infrared  spectroscopy  since  vibrational  data  are  available  for 
the  likely  products  (SF^^,  SjF^q^,  SF,.*^).  A  reported  decrease  in  absorption 
due  to  ^SF^  from  about  95%  to  about  55%  would  be  expected  to  yield  photo¬ 
products  having  substantial  absorbances. 

A  systematic  series  of  experiments  was,  therefore,  carried  out  involving 

C0„  laser  irradiation  of  SF,  in  both  argon  and  nitrogen  matrices.  Spectra 

^  ®  7  8 

similar  to  those  published  by  Ambartzumian  £t  al  ’  were  obtained  but  we  do  not 

believe  that  they  represent  convincing  evidence  for  dissociation.  Furthermore, 

analogous  experiments  were  performed  with  other  matrix-isolated  species,  in  both 

inert  and  reactive  matrices,  and  similar  negative  results  were  obtained.  The 

systems  studied  are  listed  in  the  table  of  Appendix  3. 

Figure  2.1  shows  the  infrared  spectrum  of  SF^  suspended  in  a  nitrogen  matrix 

in  the  region  of  v_(t..  ),  the  infrared  active  sulfur-fluorine  stretching  mode. 

J  -1  32  -1 

The  absorption  at  938  cm  arises  from  SF,  and  that  at  921  cm  from 

34  b  32 

SF, .  Natural  abundance  sulfur  has  an  isotopic  composition  of  S  95.0%, 

33  6  34 

S  0.76%  and  S  4.22%.  The  matrix  sample  ratio  employed  here  was  42,000/1, 
the  most  dilute  used  in  this  study,  and  under  these  conditions  no  bands  attribut¬ 
able  to  aggregate  species  are  detected.  After  subjecting  this  sample  to  photo¬ 
lysis  (100  pulses,  1  J  per  pulse  unfocussed,  P(26)  of  00°1-10°0  h  938.7  cm 

32  34 

the  absorption  due  to  both  SF,  and  SF,  decreased  uniformly  and  no  bands 

O  D 

arising  from  new  species  were  seen  in  the  range  2800-200  cm  .  The  matrix, 

which  was  "glassy"  after  deposition,  had  a  "frosty"  appearance  after  photolysis 

7  8  32 

Ambartzumian  at  al  ’  note  that  the  absorption  peak  of  SF,  exhibited  a  red 

-1  b 
shift  of  about  2  cm  .  We  did  not  observe  this  effect  but  note  that  the  half¬ 
width  of  the  band  is  smaller  after  irradiation.  We  also  noted  that  the  contour 
of  this  band  in  both  argon  and  nitrogen  matrices  changed  on  annealing;  the  band 
contours  are  complex  because  of  (a)  low  site  symmetries  leading  to  a  partial 
lifting  of  the  degeneracy  of  the  t^u  mode  (b)  possible  multiple  site  effects. 
Our  observations  suggested  that  these  results  are  simply  a  reflection  of  evapora¬ 
tion  of  the  matrix  (plus  solute),  perhaps  with  a  slight  isotope  selection  effect. 

In  more  concentrated  matrices  (SF&/N2  1/1000-1/2000)  the  spectra  obtained 
are  complicated  by  aggregation  effects.  Small  absorbances  are  seen  at  949  and 
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(i) 


Fig.  2.1 

SF6:N2  1:42,000 

(i)  Before  photolysis 

(11)  After  photolysis 

Note:  Vertical  scale  is  the  same  for 


on  the  lower  side 


944  cm  ^  on  the  high  wavenumber  side  and  929  and  926  cm 

of  the  main  band.  After  annealing  these  matrices  at  26  K  the  high  wavenumber 

bands  merge  into  the  shoulder  of  the  938  cm  ^  peak  and  the  929  cm  ^  band  grows 

-1  33 

at  the  expense  of  the  feature  at  926  cm  .  SF,  (0.76%  abundant)  makes  a 

°  -1 

small  contribution  to  the  intensity  of  the  band  at  929  cm  .  These  more  con¬ 
centrated  matrices  are  more  susceptible  to  damage  during  photolysis  so  that  for 
comparable  initial  absorbances  greater  evaporation  is  observed  per  pulse  the 
more  concentrated  the  matrix.  When  pure  SF^  was  used  a  few  pulses  caused 
almost  complete  evaporation,  despite  the  high  sublimation  point  (~64°C)  of  the 
pure  substance.  When  the  laser  beam  was  focussed  to  a  'line'  about  1  mm  x  5  mm 
one  pulse  is  sufficient  to  vaporize  totally  the  illuminated  portion  of  the  matrix 
in  both  dilute  matrices  and  those  with  low  total  optical  densities.  Prolonged 
photolyses  caused  the  cesium  iodide  substrate  to  fracture.  In  all  of  the  above 
cases  no  absorbances  attributable  to  photoproducts  were  observed. 

Possible  reasons  for  this  failure  are: 

1.  Recombination  of  fragments  produced  if  these  products  are  held  in  a  tight 
matrix  'cage’. 

2.  Photofragments  are  produced  but  are  vaporized  along  with  the  matrix. 

3.  SF^  molecules  do  not  absorb  sufficient  photons  to  be  dissociated  because  of 
(a)  low  laser  power  and/or  (b)  anharmonic  effects. 

4.  Vibrational  relaxation  to  the  matrix  occurs  rapidly,  also  causing  thereby 
local  heating  and  vaporization. 

Of  these  possibilities,  (3)  may  be  discounted  on  the  evidence  presented  by 
7  8 

Ambartzumian  et  adL_  ’  .  No  quantitative  data  are  available  to  sustain  (4)  but 
in  this  connection  we  found  that  pure  solid  transmits  even  a  focussed  laser  beam 
with  no  damage,  as  does  any  matrix  if  the  frequency  of  irradiation  is  >  10  cm  ^ 
removed  from  absorption  band.  It  would  be  difficult  to  test  (2)  but  a  series 
of  experiments  was  performed  to  investigate  (1) . 

Nitric  oxide  was  used  to  trap  possible  radicals  produced  by  photolysis  of 
NF^  and  N2F4*  ant*  t*ie  Possible  reaction 

hv 

NF3  +  03  ~  - - 

»  laser 


Was  also  investigated.  No  evidence  was  found  for  production  of  photoproducts. 


(the  matrix  isolation  infrared  spectra  of  these  compounds  are  well  known^  ^). 
Furthermore,  when  irradiating  ^F^  at  a  frequency  corresponding  to  Vg  absorp¬ 
tion  of  the  gauche  isomer,  no  change  in  transrgauche  conformer  ratio  was  found. 

We  tentatively  concluded  that  although  we  could  not  duplicate  the  results 
7  8 

of  Ambartzumian  et.  al.  *  ,  they  may  be  due  to  the  differential  evaporation  of 
32  34 

SF,  and  SF,  from  the  matrix  under  special  circumstances.  Two  papers  pub- 
6,5  20  21 

lished  almost  simultaneously  with  ours  ’  and  further  studies  that  appeared 
soon  after  have  contributed  to  the  understanding  of  these  effects. 

20 

Davies  et.  al.  demonstrated  that  the  apparent  isotope  enrichment  is 
caused  by  deviations  from  Beer's  Law  arising  from  partial  ablation  of  the  matrix. 
Irradiation  of  only  part  of  the  matrix,  or  of  the  whole  with  a  non-uniform  beam 
(characteristic  of  the  output  of  TEA  lasers  under  usual  conditions) ,  causes  a 
non-uniform  sample  to  be  produced.  These  workers  also  observed  no  dissociation 
products,  and  presented  the  hypothesis  that  efficient  vibrational  relaxation  by  the 
matrix  host  would  prevent  efficient  ladder  climbing  by  the  guest. 

21 

Jones  et.  al.  subsequently  demonstrated  that  I.R.  laser  irradiation  at 

moderate  powers  does  cause  evaporation  of  guest  SF,  molecules  from  the  matrix, 

34  b  32 

but  that  SF  molecules  evaporate  at  the  same  rate  as  SF,  when  only  the 
6  32  b 

latter  are  irradiated.  They  suggest  that  SF,  molecules  distribute  their 

D 

energy  (i^.c;.  vibrationally  relax)  to  other  guest  molecules  which  can  then 

migrate  to  the  surface  and  leave  the  matrix.  The  same  group  demonstrated  in  an- 
22 

other  paper  that  in  the  case  of  the  UF^-SiH^  'SPARCCS'  experiment  the  in¬ 
duced  reaction  is  caused  by  near-I.R.  radiation  from  the  spectrometer's  Nernst 
glower  and  not  from  16p  I.R.  laser  radiation.  The  most  recent  contribution  to 

this  field  has  shown  that  in  two  specific  cases  I.R.  laser  photolysis  does  not 

23 

induce  cis-trans  isomerization  in  stable  molecules 

At  this  point  it  appeared  that  the  only  bona  fide  I.R.  laser  matrix  photo- 

2“6 

lysis  results  were  those  of  Turner  ^t.  aJL.  on  the  labile  and  reactive 

Fe(CO)^  systems  where  it  is  entirely  plausible  that  absorption  of  only  one  I.R. 
photon  could  cause  isomerization.  At  this  point  our  work  in  the  photolysis  of 
molecules  already  in  matrices  came  to  an  end. 


Some  experiments  were  performed  to  investigate  the  effect  of  photolysis  of 
the  gas  sample  during  deposition.  The  matrix/sample  mixture  (^/SF^  1/2000) 
was  passed  down  a  70  cm  long  copper  tube,  3.5  cm  in  diameter,  connected  by 
1.25  cm  tubing  though  a  ball  valve  to  the  cryostat  shroud.  In  a  typical  experi¬ 
ment  the  mixture  was  deposited  over  30  min.,  during  which  time  laser  radiation 
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at  944.2  cm  \  2  J  per  pulse,  was  directed  down  the  tube.  This  failed  to  pro¬ 

duce  any  compounds  other  than  SF,  in  the  matrix  deposit  although  there  was  a 

34  b 

slight  enhancement  of  SF^.  This  is  attributed  to  the  low  duty  cycle  of  the 
laser  (max.  rep.  rate  'v  1  Hz,  pulse  length  up  to  2  ps) ,  and  the  possibility 
that  reactive  radical  species  produced  could  be  absorbed  onto  the  walls  of  the 
tube  and  valve. 

In  order  for  an  experiment  of  this  type  to  be  sucessful  several  modifications 
would  be  required.  An  approach  would  be  to  employ  pulsed  deposition  using  automat¬ 
ically  controlled  valves  synchronized  to  the  laser  pulse  so  that  deposition 
occured  only  when  the  laser  was  'on'.  The  laser  beam  could  be  directed  across  the 
substrate  used,  inside  the  high  vacuum  chamber,  so  that  radicals  produced  could 
not  diffuse  to  the  walls.  A  system  or  this  type  is  described  in  the  literature^ 
for  use  with  U.V. -visible  flash  photolysis  apparatus. 
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EXPERIMENTAL 

A  closed-cycle  Cryodyne  350  refrigerator  was  used,  whose  temperature  was 
monitored  and  controlled  to  within  +  1  K  using  a  Cryogenic  Technology  Inc.  digi¬ 
tal  electronic  temperature  controller  in  conjunction  with  a  gold-chromel  thermo¬ 
couple  and  resistance  heater.  Matrix  mixtures  were  prepared  in  a  stainless  steel 


vacuum  line  well-passivated  with  chlorine  trifluoride  (Matheson  98%) .  In  most 
cases  gas  mixtures  were  prepared  and  deposited  from  a  single  manifold.  In  the 
case  of  the  NF^/0^  experiments  the  Ar/NF^  and  Ar/02  mixtures  were  prepared 
separately  and  only  the  Ar/02  mixture  was  passed  through  the  microwave  dis¬ 
charge.  A  Raytheon  Microtherm  Model  CMD10  microwave  generator  supplied  a 
maximum  of  125  W  at  2450  mHz.  The  energy  was  directed  through  an  Evenson- 
type  cavity,  to  generate  a  discharge  in  a  0.5  inch  Pyrex  tube.  Between  the 
discharge  zone  and  the  cold  plate  was  a  1mm  diameter  orifice.  Infrared  spectra 
were  recorded  on  a  Digilab  Model  FTS  20  Fourier  transform  spectrometer.  A 
Lumonics  TEA  103-2  CO  2  laser  was  operated  in  the  10.6  p  region  with  an  energy 
of  1-3  J  per  pulse.  Output  modes  were  monitored  using  an  Optical  Engineering 
Model  10  R  spectrum  analyser. 

(B)  GAS  PHASE  STUDIES 

The  object  of  this  phase  of  the  work  was  to  investigate  the  possibility  of 
synthesizing  NF^BF^  using  an  infrared  laser.  I.R.  laser  irradiation  of  the 
reactants  Isolated  in  matrices  had  been  planned  but  the  work  reported  in 
section  2(A)  above  indicated  that  this  was  unlikely  to  lead  to  any  reaction. 
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NF^  has  two  gas  phase  bands  that  fall  in  the  operating  range  of  the  CO^ 
laser.  v.^  (a^)  has  PQR  structure  and  is  centered  at  1032  cm-1,  while  the 

stronger  (e)  has  a  perturbed  PR  structure  and  is  centered  at  908  cm 

NF^  was  irradiated  using  the  CO2  laser  tuned  to  P(34),  P(36)  and  P(38)  of 
the  00°l-02°0  band,  corresponding  to  1033.48,  1031.46  and  1029.43  cm  ^ 
and  also  with  several  lines  around  925  cm  The  laser  operates  at  only  very 
low  power  below  925  cm  \  and  therefore  irradiation  of  the  more  favorable 
P  branch  side  of  was  not  possible  and  most  experiments  were  concerned  with 

the  irradiation  of  the  band.  Irradiation  of  NF^  alone,  NF^  +  ^  and 

NF^  +  BF^  +  F^  produced  no  spectroscopically  detectable  changes.  Neither  F2 

nor  BF_  have  any  infrared  absorbing  bands  in  the  CCL  laser  region  (approx. 

i  _1  ^ 

1080  -  920  cm  )  so  that  initiation  of  the  NF^  +  BF^  +  F^  reaction  in  a 

direct  manner  with  CO  2  laser  photolysis  appeared  to  be  impossible. 

N„F.  is  known  to  suffer  dissociation  when  irradiated  with  C0„  laser 
2  4,  2 

"1  2  5 

radiation  at  944  cm  in  the  gas  phase  at  low  pressures,  producing  NF^ 

This  suggests  a  second  approach  to  laser  synthesis  of  NF^BF^ .  Because  the 

first  step  in  the  production  of  this  compound  by  conventional  U.V.  photolysis 

is  the  generation  of  F',  the  following  sequence  should  be  possible: 

N  F  - — - ►  2NF- 

I.R.  laser 

NF'  +  F2  - *■  NF3  +  F* 

F*  +  NF^  - ►  products 

The  I.R.  photolysis  of  a  ^2^4  tnixture  produced  almost  complete  conver¬ 
sion  to  NF^  in  a  few  flashes.  Therfore  the  I.R  laser  photolysis  of  a 
NF^  +  BF^  +  2F2  mixture  was  examined,  and  the  progress  of  the  reaction  monitored 

spectroscopically,  and  via  the  pressure  drop.  Whereas  conversion  of  N  F  +  F 

2  4  2 

to  NF^  proceeds  with  no  decrease  in  pressure  the  formation  of  NF^BF^  will 

cause  a  decrease.  In  a  few  flashes  the  ^F^  concentration  decreased  and  that 
of  NF^  became  substantial,  and  then  a  slow  pressure  drop  and  parallel  loss  of 
BF^  Occured.  It  is  probable  that  the  photolysis  of  the  residual  ^F^  was 
producing  F*  (as  above)  which  then  initiated  the  formation  of  NF^BF^.  The 
initial  rate  of  conversion  per  flash  of  reactants  into  NF^BF^  was  only  0.2 Z, 
After  extended  photolysis  (e.£.  about  4000  flashes)  traces  of  a  white  powder 
could  be  detected  in  the  cell. 


This  technique  is  clearly  severely  limited.  Assuming  a  gas  cell  of  conven¬ 
tional  size  (2.5  cm  diameter,  10  cm  long)  an  initial  pressure  of  100  torr  (_i.js. 
25  torr  NF^,  25  torr  BF^  and  50  torr  F£)  and  a  100%  conversion  then 
7.2  x  10  moles  of  product  would  result,  corresponding  to  12.7  mg.  However 
even  these  are  optimistic  figures  because  100  torr  is  a  high  pressure  for  ^F^ 
multiphoton  dissociation  (it  is  more  likely  that  thermal  processes  were  mostly 
responsible),  and  in  no  case  was  more  than  a  10%  loss  of  BF^  observed.  Never¬ 
theless  after  many  cycles  of  photolysis,  cell  evacuation  and  refilling,  a  small 
quantity  of  greyish  powder  was  removed  from  the  cell  under  inert  atmosphere  con¬ 
ditions,  and  sealed  in  a  glass  tube  for  Raman  spectroscopic  examination.  It  was 
anticipated  that  the  sample  would  be  contaminated  by  nickel  and  copper  fluorides 
from  the  cell  walls  so  that  an  X-ray  powder  investigation  would  be  troublesome. 

The  weight  of  the  sample  was  estimated  visually  to  be  about  1  mg.  Recording 
a  Raman  spectrum  of  this  sample  was  difficult  owing  not  only  to  its  small  size, 
but  also  its  contamination  with  dark  particles  presumed  to  be  copper  and  nickel 
fluorides.  No  spectrum  corresponding  to  that  of  NF^BF^  could  be  obtained.  The 
same  sample  was  subsequently  examined  as  an  AgCl  mini-pellet  but  again  no 
features  assignable  to  NF^BF^  were  observed. 

The  claim  that  NF^BF^  was  produced  therefore  rests  upon  the  circumstantial 
evidence  of  pressure  drop  and  decrease  in  amount  of  BF^.  Whether  it  was  or  was 
not  produced  it  can  be  concluded  that  this  procedure  is  slow  and  inefficient 
compared  to  U.V.  Photolysis  (see  Section  3)  and  that  further  investigation  of 
a  method  involving  IR  laser  photolysis  is  not  profitable  at  this  time. 

The  case  of  NF^BF^  production  is  not  entirely  typical,  because  of  the  low 
yield  in  the  system,  so  that  it  is  misleading  to  draw  conclusions  for  the  pros¬ 
pects  of  I.R.  laser  photochemical  synthesis  from  this  one  case.  In  others  the 
yield  (conversion  per  flash)  may  be  large  and  a  pressure  of  about  a  torr  of 
product  can  be  made  per  flash.  However  the  restriction  of  working  at  low  pres¬ 
sure  remains.  To  investigate  this  a  qualitative  study  of  the  I.R.  laser 
photolysis  of  hexafluoroacetone  (HFA)  was  undertaken.  At  low  pressures  (1  torr 
or  less)  photolysis  of  HFA  at  970.56  cm-  with  about  1J  per  pulse  unfocussed 
produced  only  CjF^  and  CO.  At  higher  pressures  products  ^F^  and  CF^CFO) 
that  are  formed  in  thermal  decomposition  appear.  Addition  of  a  foreign  gas  (e-&. 
H2)  at  low  pressures  can  give  rise  to  new  products  (^.j>.  CF^H)  but  as  the 
total  pressure  rises,  the  conversion  per  flash  falls  until,  at  a  total  pressure 
of  more  than  200  torr,  the  reaction  is  completely  quenched.  The  absorbing  mole- 


cules  suffer  collisional  deactivation  before  enough  photons  can  be  absorbed  for 
dissociation. 

Thus  these  limitations  may  preclude  the  application  of  I.R.  laser  photo¬ 
lysis  in  bulk  systems  unless  one  particular  compound,  isomer  or  isotopic 
variant  is  inacessible  by  usual  syntheses.  It  may  be  of  application  where 
selective  reaction  of  a  small  quantity  is  required  -  in  removing  trace 

quantities  of  contaminants  or  in  doping  processes. 

An  example  of  the  preparation  of  a  small  amount  of  an  isotopically  substi- 

13  13 

tuted  compound  is  the  synthesis  of  CF2  -  CF2.  It  was  of  interest  to 

Dr.  T.  F.  Williams  of  this  Department  to  obtain  a  small  quantity  of  this  material 

—  26-28 

in  order  to  extend  ESR  studies  of  ^F^  ,  and  all  attempts  to  prepare  the 

isotopically  enriched  substance  by  conventional  thermolysis  had  failed.  The 

29 

infrared  laser  photolysis  of  gaseous  CHCIF^  has,  however,  been  shown  to  pro¬ 
duce  ^F^  and  HC1  cleanly. 

29 

The  study  of  the  laser  photolysis  of  CHC1F  ^  showed  that  the  reaction 

proceeded  at  pressures  up  to  100  torr,  rendering  its  use  in  small-quantity 

synthesis  feasible.  The  C0„  laser  frequency  used  was  1088  cm  \  on  the  low 

frequency  side  of  a  band  centered  at  1114  cm  ,  which  has  a  complex  contour. 

30 

This  band  was  originally  assigned  as  the  antisymmetric  (a")  CF  stretching 

31  32  L  33 

mode,  but  as  a  result  of  later  Raman  ’  and  matrix-isolation  infrared  studies  ’ 

33 

Milligan  et  al.  reassigned  this  band  as  a  coincidence  between  the  symmetric 

(a1)  and  antisymmetric  carbon-fluorine  stretching  modes. 

Natural  abundance  CHC1F™  was  prepared  from  CHC1„  by  reaction  with  an 
SbF^/SbCl^  mixture  at  60°C  for  40  minutes  .  The  resulting  gas  was  condensed 
upon  NaOH  and  CaCl2  in  order  to  remove  acidic  gases  and  for  drying.  The 

infrared  spectrum  of  this  gas  indicated  that  the  major  product  was  ^HC1F„,  with 

30  35  Z 

small  quantities  of  CHF„  ,  CO™,  C0C1F  and  SiF,  also  present.  Treatment  of 

13  i  1  4  13 

CHCl^  (Merck)  in  a  similar  fashion  produced  largely  CHCIF2,  and  small 

quantities  of  13CHF3>  13C02,  13C0C1F  and  SiF4< 

13 

The  conditions  used  for  the  photolysis  of  HCIF2  were  not  optimal,  but  re¬ 
presented  the  results  of  several  compromises,  since  it  was  not  possible,  given  the 

small  quantity  of  material  available,  to  perform  a  series  of  experiments  to  deter- 

13 

mine  the  best  procedure.  Because  the  infrared  spectrum  of  CHC1F-  is  different 

12  Z 
from  that  of  the  C  isotopomer,  and  the  performance  of  the  IR  laser  changes 

12 

from  line  to  line,  the  conditions  used  for  photolysis  of  the  C  compound  will 

13 

not  be  necessarily  suitable  for  the  C  compound.  In  particular,  the  laser 
power  and  energy  density  were  maintained  at  lower  values  than  could  have  been  used, 
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to  ensure  that  there  was  a  low  possibility  of  damage  to  the  infrared  cell  windows, 
which  could  result  in  the  loss  of  the  precursor  or  product.  It  was  also  desir- 
ble  to  use  a  comparatively  high  pressure  (50  torr)  of  gas  in  the  cell  to  elimi¬ 
nate  the  need  for  its  frequent  emptying  and  refilling.  The  use  of  such  a  pressure 
implies  that  the  process  is  essentially  thermal  rather  than  collision-free 
unimolecular  decomposition. 

13 

Typically  50  torr  of  CHCIF^  were  placed  in  a  Pyrex  IR  cell  equipped 
with  greaseless  valves  (Kontes)  and  aluminum  end  pieces,  to  which  KBr  windows 
were  sealed  via  Viton  o-rings.  The  cell  was  2.5  cm  in  diameter  and  10  cm 
long.  The  infrared  spectrum  of  the  gas  was  taken,  and  the  sample  was  then  irradi¬ 
ated  with  up  to  1000  IR  laser  flashes  at  1078.58  cm  ^  (R20  of  00°1-02°0) 
with  an  energy  of  0.7  to  1.0  J  per  pulse,  most  of  which  was  contained  in  a 
100  ns  wide  FWHM  pulse.  The  approximately  parallel  beam,  1.2  cm  in  diameter, 
was  arranged  so  that  it  passed  through  the  center  portions  of  both  KBr  windows 
to  minimize  wall  reactions.  After  photolysis  the  IR  spectrum  of  the  cell  con¬ 
tents  was  recorded,  and  then  the  products  were  pumped  out,  and  the  cell  was 
refilled. 

The  extent  of  the  reaction  was  monitored  by  appearance  of  CjF, •  The  sPec" 

12  12  z 
trum  of  CF„  =  CF  was  recorded  at  differing  pressures  in  the  photolysis  cell, 

l-  £. 

and  the  pressure  was  correlated  with  the  height  of  the  Q-branch  of  vi2^b3u^ 
at  555.5  cm  .  The  sample  of  C ^ F^  was  obtained  from  PCR,  and  pressures 
were  measured  using  MKS  Baratron  (0.1  to  10  torr)  and  Heise  (10  to  50  torr) 


-1  13 

gauges.  This  bend  shifts  to  552.0  cm  in  CF„ 


CF^  and  it  was  assumed  that 


the  absorption  coefficients  for  the  two  isotopomers  were  identical.  After  5 

fills  of  the  cell  it  was  estimated,  using  this  method,  that  approximately  50  torr 

13  13  .  . 

of  CF2  CF2  had  been  produced,  representing  a  40%  conversion.  This  is  not 

as  great  as  could  have  been  achieved  unde-  optimized  conditions.  (It  is  worth 

13 

noting  that  the  starting  material  was  only  90%  enriched  in  C,  but  unlike 

other  procedures  it  is  expected  that  this  will  increase  the  enrichment,  because 
12 

the  absorption  of  CHC1F„  at  the  frequency  used  is  vary  small  compared  to  that 
13  ^ 

of  CHClF^.  Because  this  is  a  thermal  process  this  'extra'  enrichment  factor 
may  not  be  large.  The  products  were  not  examined  mass-spectroscopically  to  test 
this  thesis.)  One  improvement  implemented  in  a  subsequent  experiment  was  to  ab¬ 
sorb  chemically  the  HC1  produced  during  photolysis,  since  it  competes  for  the 

29 

CF2  produced,  ultimately  limiting  the  extent  of  reaction  .  Sufficient 
1^CF2  “  l3cF2  was  Produced  for  several  ESR  experiments 3 / ,  and  to  record  infra¬ 
red  spectra  of  its  stronger  IR  bands. 
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3.  LOW  TEMPERATURE  SYNTHESIS 

The  object  of  this  phase  of  the  work  was  to  investigate  low  temperature  synthe¬ 
ses  of  NF^BF^  and  the  mechanism  of  the  formation  of  that  compound  by  photolytic 

methods.  There  have  been  several  descriptions  of  preparative  methods  of  NF,+ 

12  4 

salts  including  use  of  high  pressure  and  temperature  ’  ,  low  temperature  -  irradia¬ 
tion^,  low  temperature  glow  discharge^ * ^ ,  metathesis^ ’ ^  and  low  temperature  UV 
8  9 

photolysis  ’  .  The  most  successful  method  appears  to  be  low  temperature  UV  photol- 
9 

ysis  ,  in  which  NF^  and  BF^  were  condensed  at  77K  into  a  pan-shaped  quartz 

reactor,  and  F^  added.  Photolysis  was  achieved  using  a  GE  BH-6  lamp  filtered 

merely  through  a  quartz  plate.  However  such  a  static  system  suffers  from  a  low 

quantum  yield  (0.015),  initially  ascribed^  to  the  build  up  of  product  on  the  re- 

9 

actor  walls  blocking  the  UV  radiation,  but  subsequently  to  the  low  thermal 

stability  of  some  of  the  intermediates. 

It  was  felt  that  UV  photolysis  using  the  rotating  cryostat  at  77K.  would 

eliminate  the  problem  of  product  build-up,  since  fresh  reactants  are  deposited  on 

top  of  the  product  using  this  system,  and  that  solid  and  matrix-isolation  studies 

at  15K.  could  enable  intermediates  to  be  trapped  and  studied,  even  if  they  did  have 

low  thermal  stability.  There  has  also  been  considerable  discussion  of  the  mechan- 

8  10—12 

ism  of  the  formation  of  NF^BF^  ’  and  characterization  of  any  intermediates  by 

vibrational  spectroscopy  would  aid  in  its  elucidation.  The  nature  of  the  studies 

was  determined  by  the  physical  properties  of  the  precursors  at  77  and  15K, 

respectively.  At  15K  NF^,  BF^,  and  F£  are  all  solids  with  very  low  vapor 

pressures,  but  at  77K  although  BF„  is  still  solid,  NF,.  is  a  liquid  with  a  vapor 

-2  J  J 

pressure  of  about  10  torr  and  fluorine  is  a  liquid  with  a  pressure  of  over  400 
torr.  Both  of  these  are  higher  than  the  normal  operating  pressure  of  the  rotating 
cryostat  -  (10  ^  torr). 

Figs.  3.1  and  3.2  show  the  effect  of  UV  -visible  photolysis  upoi  a  1:1:1 
mixture  of  NF^.BF^  and  F£  condensed  onto  a  Csl  plate  at  15K  in  a  conven¬ 
tional  closed-cycle  cryostat.  Trace  (a)  is  a  spectrum  of  the  solid  mixture,  (b) 
that  obtained  after  15  mins,  photolysis,  (c)  that  after  15  mins,  further  photoly¬ 
sis  and  (d)  that  of  the  solid  material  remaining  after  the  cryostat  had  warmed  to 
room  temperature  and  the  volatile  materials  had  been  pumped  away.  The  photolysis 
source  was  a  GE  BH-6  high  pressure  mercury  lamp  and  no  filtering,  other  than  that 

of  the  quartz  plate  on  the  cryostat  shroud,  was  used.  Trace  (d)  corresponds  to  the 

3  9  13 

previously  reported  IR  spectra  of  NF.BF,  ’  ’  (taken  as  powder  between 

44  - 1 

AgCl  plates)  with  the  exception  of  small  bands  at  ca.  1090  and  610  cm  which 
arise  from  atmospheric  attack  upon  the  outer  (shroud)  Csl  windows,  and  which 
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may  be  seen  in  all  the  spectra  reproduced  in  this  section.  Fig.  3.3  shows  the 
spectrum  of  a  thinner  deposit  in  the  1200-1000  cm  ^  region,  in  which  more  detail 
is  evident. 

Some  spectral  changes  can  be  seen  in  traces  (b)  and  (c) .  The  bands  produced 
have  not  been  given  definite  assignments,  but  possibly  arise  from  intermediates 
produced  in  the  course  of  the  reaction.  The  data  are  summarized  in  Table  5.1. 
Assignment  of  the  bands  is  difficult  because  of  their  breadth  and  possible  compli¬ 
cations  arising  from  perturbation  by  their  neighbors  and  aggregation  effects.  In 
order  to  obtain  better  data,  in  which  for  instance,  ^B-^B  and  ^N-^N  isotope 
shifts  might  be  resolved,  enabling  bands  to  be  assigned,  this  reaction  was  studied 
in  the  matrix-isolated  state.  In  a  typical  experiment  a  mixture  of  1:1:3:400  of 
NF2:BF^:F2:Ar  was  deposited  at  15K.  Figs.  3.4  and  3.5  compare  the  spectrum  of 
this  mixture  to  that  of  the  pure  solid  mixture  previously  obtained.  This  sample 
was  subjected  to  uv-visible  radiation  from  the  BH-6  lamp  at  both  15K  and  30K, 
the  higher  temperature  being  used  to  facilitate  migration  of  F'  within  the  matrix. 
In  none  of  these  experiments  was  any  significant  change  observed.  Figs.  3.6  and 
3.7  show  spectra  of  this  deposit  before  and  after  extensive  photolysis,  including 
15  mins,  at  30K.  The  slight  changes  in  band  shapes  and  intensities  result  from 
annealing. 

The  second  approach  to  the  synthesis  utilized  77K,  a  temperature  readily 
attained  in  the  rotating  cryostat  using  liquid  nitrogen  as  the  coolant.  Because  of 
the  high  vapor  pressure  of  F2  at  77K,  C1F,  a  nonvolatile  solid  at  this  tempera¬ 
ture,  was  used  as  the  fluorine  atom  source.  Initial  studies  were  made  using  1:1:2 
mixtures  of  NF^,  BF^  and  C1F,  but  the  liquid  nature  of  NF^  and  its  consider¬ 
able  vapor  pressure  demanded  the  use  of  a  mixture  more  concentrated  in  NF^  so 
that  losses  of  it  could  be  tolerated.  (The  cryostat  was  not  pumped  on  during 

deposition  or  photolysis  in  this  set  of  experiments,  and  the  pressure  in  the  cham- 
-7  -3 

ber  rose  from  10  before  deposition  to  ca.  5x10  torr  afterwards.)  A  typical 
experiment  entailed  deposition  of  the  mixture  while  the  drum  rotated  at  ca. 

100  r.p.m.  with  simultaneous  unfiltered  BH-6  photolysis.  A  sequence  of  spectra 
obtained  in  this  manner  are  shown  in  Figs.  3.8  -  3.11.  Figs.  3.8  and  3.9  show 
spectra  taken  after  deposition  /  photolysis  and  after  some  of  the  volatile  material 
had  been  pumped  off,  and  Figs.  3.10  and  3.11  show  spectra  taken  after  the  cryostat 
had  warmed  up  and  all  materials  volatile  at  room  temperature  had  been  pumped  away. 

A  band  can  be  seen  at  1040  cm  distorted  by  a  window  feature  at  1090  cm  but 
assignment  of  this  to  NF^BF^  is  uncertain.  The  other  major  feature  in  the  spectra 


Fig.  3.3  FT-IR  spectra  of  solid  remaining  on  window 

(a)  Thick  deposit 

(b)  Thin  deposit 


SUMMARY  OF  OBSERVED  BANDS  IN  LOW  TEMPERATURE  STUDIES 


Csl  impurity  bands  observed  in  this  region. 


(a)  Solid 

(b)  Matrix  isolated  in  Ar 


Fig.  3.11  IR  spectrum  of  photolysed  NF„,  BF.  and  C1F  mixture  after  warming  to  room 
temperature . 
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is  a  group  of  bands  at  around  2900  cm  ^  arising  from  the  oil  used  to  lubricate 
the  rotating  seal.  For  comparison  on  a  spectrum  of  this  oil,  recorded  later  as  a 
thin  film  between  Csl  plates,  is  shown  in  Figs.  3.12-3.13,  and  it  can  be  seen 
that  some  of  the  minor  features  in  Figs.  3.9-3.10  are  also  due  to  this  oil. 

Gradual  wear  of  the  o-rings  in  the  seal  during  extended  rotation  permits  leakage 
onto  the  drum  and,  on  subsequent  warm-up,  onto  the  optical  surface. 

Neither  the  reasons  for  the  failure  of  the  matrix  method  nor  the  poor  results 

from  the  rotating  cryostat  are  immediately  obvious.  A  common  problem  in  matrix 

14 

photolysis  is  the  'cage  effect'  in  which  photoproducts  cannot  escape  from  the 
immediate  enviroment  in  which  they  were  created,  and  they  therefore  suffer  recombi¬ 
nation.  However,  our  work  in  section  1,  as  well  as  that  of  others,  has  demonstrated 
the  migration  of  F"  in  matrices,  and  raising  the  matrix  temperature  should  enable 
easy  motion  of  F' .  A  possible  rationalization  is  that,  in  this  case,  it  is 
energetically  more  favorable  for  F-atom  recombination  to  occur  than  for  addition 
of  F"  to  NF^.  Even  if  NF^  were  formed,  it  is  probable  chat  in  the  matrix  its 
nearest  neighbour  would  be  F'  rather  than  BF^,  and  a  facile  back  reaction  is 
possible.  Put  alternatively,  in  a  condensed  phase,  the  reaction  may  require  the 
close  proximity  of  NF^,  BF^  and  F2,  a  situation  which  is  not  realized  even  in 
matrices  as  concentrated  as  those  used  in  this  study.  The  concentration  of  such 
clusters  may  have  been  too  low.  The  failure  of  the  rotating  cryostat  studies  may 
reflect  a  'mixing'  problem  -  i.e.  despite  depositing  a  homogeneous  gas-phase  mixture, 
separation  may  occur  rapidly  at  77K,  and  the  intimate  mixture  necessary  for  the 
success  of  the  reaction  may  not  be  present. 
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4.  TIME  RESOLVED  SPECTROSCOPY 


The  major  methods  for  the  study  of  radical  species  have  been  matrix  isolation 
1  2 

spectroscopy  ,  gas-phase  UV-visible  spectroscopy  ,  and,  recently,  laser-magnetic 

3  4 

resonance  and  laser-electric  resonance  spectroscopy  .  The  latter  two  techniques 

are  capable  of  providing  detailed  information  but  are  only  operative  in  small 
spectral  ranges.  Thus  in  cases  where  there  is  a  little  information  from  UV-visible 
spectroscopy  it  is  necessary  to  rely  upon  matrix  isolation  frequencies,  which  are 
frequently  subject  to  large  shifts  from  those  found  in  the  gas  phase^.  It  would 
therefore  be  of  great  value  to  develop  an  infrared  method  for  detecting  radical  and 
transient  species  in  the  gas  phase,  which  covers  a  large  frequency  range.  Infrared 
gas  phase  methods  have  not  been  popular  largely  owing  to  the  weakness  of  infrared 
emission  and  absorption,  the  poor  performance  of  IR  detectors  and  the  lack  of  a 
multiplex  IR  detector  equivalent  to  a  photographic  plate,  or  array  detector.  The 
development  of  fast,  sensitive  IR  detectors  and  IR  multiplex  methods  have  par¬ 
tially  solved  these  problems. 

A  time  resolved  technique  based  on  interferometric  methods  has  great  potential, 

since  it  will  benefit  from  the  ’advantages'  of  the  method5.  It  should  therefore  be 

possible  to  obtain  a  high  resolution  spectrum  of  a  transient  over  a  wide  range, 

which  should  enable  unequivocal  assignments  to  be  made  in  systems  not  previously 

studied.  A  method  for  time  resolved  IR  spectroscopy  was  developed  in  the  early 

6“*8 

seventies  using  a  step  scan  interferometer  .  The  principles  of  this  technique 

9  10 

have  been  adapted  to  rapid  scanning  interferometers  ’  and  Digilab  Inc.  now 
markets  a  commercial  device  for  use  with  its  FTS  series  interferometic  spectrome¬ 
ter^.  Details  of  the  operation  of  this  time  resolved  unit  are  given  in  Appendix  4, 
but  here  it  can  be  noted  that  spectra  can  easily  be  obtained  at  200,  400,  800,  and 
1200  ps  intervals,  and  with  suitable  equipment  it  may  be  possible  at  25  ps 
intervals . 

9  10 

Mantz  ’  claimed  observation  of  the  HCO  radical  and  ketene  (CH2=C0) ,  produced 
by  the  flash  photolysis  of  acetaldehyde  and  acetone,  respectively,  using  this  method. 
A  Digilab  'TRS'  unit  was  acquired  for  use  with  this  laboratory's  FTS  20  and 
Digilab  kindly  loaned  this  group  some  of  the  ancillary  equipment  used  by  Mantz.  The 
initial  plan  was  to  repeat  the  work  of  Mantz  on  HCO^  to  confirm  the  viability  of 
the  technique,  and  then  investigate  the  mechanism  of  certain  photoly t icallv  induced 
halogen  reactions,  with  special  emphasis  upon  the  formation  of  NF^BF^  in  the  gas 
phase.  However  detailed  studies  showed  that  the  original  work  of  Mantz  was  in  error, 
and  that  he  had  not  observed  any  transient  species,  but  had  produced  spurious  spectra 
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in  the  course  of  his  experiments.  A  paper  describing  the  mechanism  by  which  this 
error  occured  and  outlining  the  experimental  constraints  in  TRS  is  attached  as 
Appendix  4.  (Appl.  Spectrosc.,  j)4,  399  (1980)). 

One  of  the  major  problems  in  the  work  of  Mantz  was  the  choice  of  compounds, 
(acetaldehyde  and  acetone),  that  are  not  greatly  photosensitive  so  that,  using 
the  flashlamp  available,  only  a  very  small  quantity  of  products  result  -  too  small 
to  be  detected  by  infrared  spectroscopy.  In  attempts  to  overcome  this,  several 
compounds  were  considered,  and  preliminary  experiments  performed.  These  were 
CF^COCF^,  known  to  give  CF^;  CF^NO,  an  exceptionally  photosensitive  compound 
known  to  produce  CF^,  (CF^^NO*  and  finally  (CF^^NONO;  and  a  mixture  of 
CI2  +  The  photolysis  source  available  could  not,  in  any  of  these  cases,  generate 

sufficient  products  for  the  experiment  to  succeed,  but  the  latter  two  systems  appear 
to  offer  the  best  prospects.  A  quantitative  evaluation  of  these  systems  was  not 
possible  because  Digilab  requested  the  return  of  the  photolysis  source  and  insuffi¬ 
cient  funds  were  available  for  the  purchase  of  a  suitable  replacement  unit. 

The  requirements  for  a  flashlamp  unit  are  stringent;  an  ideal  system  should  be 
able  to  produce  at  least  100J  per  flash  at  a  rate  of  not  less  than  50Hz.  However 
the  TRS  experiment  can  be  employed  in  the  study  of  other  processes  apart  from  flash 
photolysis,  and  any  source  that  can  reproducibly  form  a  sufficient  quantity  of  radi¬ 
cal  or  excited  species  at  about  50Hz  is  applicable.  Attractive  sources  include 
high  energy  pulsed  lasers  (e.g.  TEA  CC^  or  Exiraer  lasers).  Unfortunately  the 
maximum  rate  of  the  Lumonics  103-2  CO2  laser  is  only  2Hz.  At  low  rates  the  exper¬ 
iments  become  unwieldy  in  both  time  and  data  manipulation  senses  (and  may  fail 
entirely  due  to  the  particular  parameters  of  the  Digilab  unit),  so  that  this  mode 
of  excitation  was  not  attempted. 
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Infrared  and  laser-Ruman  matrix  isolation  studies  have  been  done  on  the  \_>  +  I  _>  systems.  where  X  =  (  I,  Br.  or  1  Mercury 
arc  photolysis  produced  the  new  species  XL,,  XT,  and  X  .l  as  well  as  some  of  the  normally  unfavored  members  of  the 
series  XT,  (n  =  I,  3.  5).  The  symmetric.  T-shaped  XXL,  species  is  the  dominant  product  in  all  three  infrared  studies 
Other  species  were  identified  based  on  photolysis,  concentration,  and  temperature  cycling  behavior  of  new  infrared  absorptions 


Introduction 

The  usual  reaction  between  molecular  fluorine  and  another 
halogen  molecule  X.  follows  the  stoichiometry  shown  in  re¬ 
action  1,  where  products  with  n  =  1  or  3  are  favored  w  ith  C  l,, 
X,  t  «!•',  ~2.\l  „  (1) 

n  =  3  or  5  with  Br,,  and  n  =  5  with  I,.  Matrix  isolation  is 
a  method  bv  which  intermediates  in  this  reaction  may  be 
trapped  for  spectroscopic  observation.  Also,  photolysis  induced 
reaction  products  from  X,,  F\.  and  XF„  may  be  observed  in 
a  matrix.  Of  particular  interest  are  unfavored  X l  „  species, 
as  well  as  the  new  species  XF2,  X2F.  and  X2F2. 

Mamantov  and  co-workers2  have  studied  the  OF,  species, 
produced  by  photolysis  of  isolated  C1F,  or  of  codeposited  CIF 
+  Fj.  Recently,  Prochaska  and  Andrews,1  reexamined  the 
OFj  radical,  for  which  the  most  favorable  synthetic  route  was 
photolysis  of  OF  and  F2  in  a  nitrogen  matrix.  Mamantov  and 
co-workcrs4  have  also  reported  spectra  of  chlorine  fluorine 
mixed  species  produced  by  photolysis  of  isolated  chlorine  and 
fluorine  and  have  proposed  assignments  to  vibrations  of  CI:F,. 
CljF,,  and  CI,F.  The  migration  of  photolytically  produced 
fluorine  atoms  in  matrices  was  established  as  a  crucial  step 
in  the  formation  of  these  new  mixed  halogen  species. 

This  paper  reports  a  study  of  the  reaction  of  fluorine  with 
each  of  the  molecular  halogens,  chlorine,  bromine,  and  iodine, 
upon  photolysis  in  solid  matrices.  Some  experiments  using 
BrF,  as  precursor  arc  also  reported,  as  well  as  some  using 
equilibrium  mixtures  of  Br2,  F2,  BrF,  and  BrF,. 
Experimental  Section 

The  closed  cycle  refrigerators  and  vacuum  systems  for  infrared'1 
and  Raman511  experiments  at  Virginia  ha.c  been  described  previously . 
The  stainless  steel  vacuum  apparatus  was  thoroughly  passivated  with 
fluorine  prior  to  sample  preparation.  Infrared  samples  were  deposited 
on  a  Csl  cold  window,  and  spectra  were  recorded  on  a  Beckman  IK- 1 2 
spectrophotometer  from  200  to  800  cm  '.  Photolysis  was  done  using 
a  General  Electric  Bll-h  high-pressure  mercury  arc,  focused  by  a 
quartz  lens  system  mounted  on  a  10-em  water  filter  cell  (220  1000 
nm)  plus  a  Pyrcx  plate  (290  1000  nm).  Raman  samples  were  de¬ 
posited  on  an  Oi  l  1C  tilted  block,  and  lascr-Rainan  spectra  were 
recorded  on  a  Spcx  Ramalog  instrument  ( 500  u  slits),  using  the  488  0- 
and  5 14.5-nm  lines  of  a  Coherent  Radiation  Model  52  argon  ion  laser. 

I  ascr  lines  were  used  with  a  dielectric  spike  filter  for  recording  spectra 
and  were  unfiltered  for  photolysis  of  Raman  samples. 

C  hlorine  (Mathcson I  samples  were  purified  by  Ircc/c  pump  thaw 
cycles  at  liquid  nitrogen  temperature.  ’’Cl,  was  prepared  by  oxidizing 
Rb'  C'l  in  concentrated  UNO,  and  purified  by  condensing  with 
Drierilc  Bromine  I  M.illinckrixlU  vapor  over  liquid  was  purified  bv 
freeze  pump  thaw  cvcles  in  a  glass  linger  at  liquid  nitrogen  tern 
per, Pure  Iodine  I  M.ilhnchrodt)  crystals  were  outga.scd  In  pumping 
while  being  held  at  liquid  nitrogen  temperature  in  the  finger  m  a  glass 
bulb  Iodine  samples  were  prepared  hy  putting  the  appropriate  amount 
of  argon  over  Ihc  solid  in  the  bulb  at  mom  temperature  (vapor  pressure 
=  0  25  Torrl  I  Itiorinc  (Mathesont  was  expanded  through  a  "I 
tube  immersed  in  liquid  N.  before  sample  preparation  to  remove 
condensable  impurities  Argon  I  Air  I’r.iducis,  99  was  used 

directly  as  the  matrix  gas 


Because  of  the  variation  in  reactivity  between  fluorine  and  the  three 
heavy  halogens,  different  methods  ol  sample  deposition  were  used 
Some  samples  were  prepared  with  both  halogens  premised  in  the  same 
sample  can.  This  was  satisfactory  for  Cl,  +  F,  samples,  as  only  a 
moderate  amount  of  CIF  was  formed  by  gas-phase  reaction  However, 
for  bromine  and  fluorine  samples,  an  equilibrium  mixture  ol  Brf .  Brf ,. 
and  BrK  with  the  halogens  was  actually  deposited  from  a  single  can 
and  with  iodine  and  fluorine  a  Ihorough  conversion  to  IF,  occurred 
with  premising.  This  type  of  experiment  will  later  be  referred  to  as 
a  "premised"  experiment  To  avoid  prior  reaction,  bromine  ,.r  iodine 
samples  were  prepared  in  separate  cans  from  the  fluorine,  and  ihe 
halogen  and  fluorine  were  mixed  in  ihe  sample  deposition  line,  about 
10  cm  above  ihe  cold  window  These  experiments  will  later  be  referred 
to  as  "separate  can"  experiments.  In  addition,  some  samples  were 
prepared  in  completely  separate  vacuum  manifolds  and  deposited 
through  separate  tubes  These  will  later  be  referred  to  a,  "separate 
manifold"  experiments. 

Matrix-isolation  experiments  at  Tennessee  utilized  a  Cryodyne 
Model  '50  closed  cycle  helium  refrigerator  and  experimental 
techniques  previously  described  ’  *  Temperatures  were  monitored  and 
controlled  to  within  ±  I  K  utilizing  a  Cryogenic  Technology  Inc  digital 
electronic  temperature  controller  in  conjunction  with  a  gold  chromel 
thermocouple  and  resistance  heater.  Matrix  mixtures  were  prepared 
in  a  stainless  steel  vacuum  line  well-passivated  with  chlorine  irifluoride 
(Mathcson.  9X0%).  Research  grade  argon  (Matheson,  99  9995%) 
was  utilized  as  the  matrix  gas.  Purified  fluorine  (99.99%.  obtained 
from  W.  N.  Hubbard.  Argonnc  National  Laboratory)  was  used 
without  further  purification.  Reagent  grade  bromine  (Fisher)  was 
purified  by  passing  the  vapors  over  the  liquid  through  a  tube  containing 
molecular  sieve  utilizing  vacuum  transfer  techniques  Bromine 
trifluoride  ( Mathcson,  9X  0%)  was  purified  by  transfer  from  a  lecture 
bottle  under  vacuum  by  pumping  into  a  trap  held  at  ~  -20  CC  Matrix 
samples  were  photolyzed  by  Blt-b  mercury  arc.  with  an  ll-cm 
water-filled  quartz  cell  ( 220  I (XX)  nm).  with  the  addition  of  a  Corning 
CS-7-54  glass  filter  (280  420  nm)  for  more  limned  photolysis. 
Microwave  discharge  experiments  at  Tennessee  used  a  Raytheon 
Microtherm  Model  C'MD-10  microwave  generator  to  supply  a 
maximum  of  125  W  at  2450  MHz  The  microwave  energy  was 
directed  through  an  I  venson  type  cavity  to  generate  discharge  in  a 
0  5-in  o  d  I  ucalox  lube  using  a  gas  flow  rate  of  about  1  0  crll '  min 
Infrared  spectra  were  recorded  tinder  low  resolution  on  a  Perkin-I  Inter 
Model  "7  infrared  spectrophotometer  and  at  high  resolution  using 
a  Dii’ilab  Model  I  TS-20  I  miner  transform  infrared  spectrometer 

Results 

Infrared.  C  l,  +  F>.  All  experiments  with  chlorine  and 
fluorine  were  done  with  premixed  samples,  and  C  IF  was  the 
maior  gas-phase  reaction  product  observed  in  the  spectrum 
ol  the  condensed  samples.  In  the  first  experiment,  an  Ar/ 
I  ,/Cl,  =  100  I  I  sample  was  deposited  for  22  h  and  pho- 
(oly/ed  lor  10  mm  with  220  1(8)0  nm  light;  a  very  strong  band 
system  appeared  .0  Mb  cm  1  (completely  absorbing),  a  sharp 
doublet  was  observed  at  SVH),  551  0  cm  1  (absorbance  =  A 
=  O  2'*  and  009),  a  partially  resolved  triplet  was  found  .it  464. 
4h2.4<9im  1  (.  I  =  0  It),  0  07,  0  01 ).  and  a  new  hand  appeared 
at  270  cm  (  I  -  0.0b)  Additional  photolysis  (or  2'  mm 
reduced  these  bands  to  approximately  half  of  their  first  ob¬ 
served  intensities 
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Figure  I.  Infrared  spectra  of  premixed  chlorine  and  fluorine  samples: 
f  a  )  Ar/Fj/Clj  -  400/1/4.  61  mmol  deposited,  before  photolysis;  (a) 
previous  sample  after  55  min  of  Hg  arc  photolysis  with  the  water  and 
Pyrcx  plate  filters;  (b)  Ar/F2/CI2  =  400/4/1, 60  mmol  deposited, 
after  51  min  of  Hg  arc  photolysis,  same  filters;  (c)  Ar/F2/)7CI2  = 
250/2.5/1,  46  mmol  of  deposited,  after  21  min  of  Hg  arc  photolysis, 
same  filters. 

Two  additional  experiments  were  performed  using  samples 
with  one  reagent  concentration  reduced  a  factor  of  4  relative 
to  the  above  higher  yield  study.  The  spectrum  of  an  Ar/Fj/CI, 
=  400/1/4  sample  after  deposition  is  shown  in  Figure  la'. 
Following  55  min  of  photolysis  with  290-1000  nm  light,  a 
strong  new  doublet  was  observed  at  636  cm  1  (A  =  0.54),  627 
cm  1  ( A  =  0.16)  with  weaker  site  splittings  at  640  and  631 
cm-1,  another  doublet  was  observed  at  559  cm  1  [A  =  0.10), 
551  cm'1  (A  =  0.03),  and  weaker  bands  were  produced  at  464 
cm'1  ( A  =  0.03)  and  270  cm'1  which  are  shown  in  Figure  la. 

The  next  sample,  Ar/F2/CI2  =  400/4/1,  with  excess 
fluorine,  gave  the  spectrum  in  Figure  lb  after  photolysis;  the 
636,  627  cm  1  doublet  (A  =  0.72,  0.22)  was  increased  while 
the  other  three  absorptions,  559  cm'1  (A  =  0.10),  464  cm  1 
(A  =  0.03),  and  270  cm  1  remained  the  same  as  in  the  above 
excess  chlorine  sample,  and  in  addition,  CIF  and  CIF37  were 
produced  by  photolysis.  The  FCI03  and  FCI02  impurities,* 
present  throughout  this  study,  were  more  intense  in  Figure  lb. 
Also,  another  chlorine-isotopic  doublet  at  649,  640  cm  1  present 
before  photolysis  in  all  experiments,  and  enhanced  in  the  excess 
fluorine  run,  is  due  to  C1F30.8  The  broad  260-cm  '  band  is 
due  to  an  impurity  often  observed  in  fluorine  experiments. 

Thermal  cycles  of  these  samples  into  the  32-38  K  range 
decreased  the  above  new  bands  by  approximately  half  and 
weak  new  bands  appeared  at  454  and  305  cm  '. 

The  chlorine-37  sample,  Ar/F2/37CI2  =  400/2.5/1,  gave  the 
lower  multiplct  components  at  627  ( A  =  0.90),  551  (.4  =  0. 1 1 ), 
and  459  cm  1  (.4  =  0.05)  which  indicates  that  these  absorptions 
arc  due  to  chlorine-37  vibrations.  A  weak  shoulder  was 
observed  at  268  cm  '.  A  thermal  cycle  decreased  these  bands 
while  a  sharp  feature  at  571  cm  1  due  to  ,7CIF2:  ’  and  weak 
450-  and  300-cm  1  bands  appeared. 

Two  further  experiments  were  done  on  the  chlorine  fluorine 
system  using  different  fluorine  atom  sources.  A  study  with 
Ar/CIF/CI2  =  200/1/1  produced  only  CIF,.  FCKK  and 
FCIO,  upon  photolysis.  Another  experiment  with  a  sample 
of  Ar/OF2/CI2  =  200/1  / 1  yielded  only  small  amounts  of  C  IF  . 
CIF,.  and  again  FCIO,  and  FCIO,.* 

Br,  +  Fj.  Experiments  were  run  using  IJr I  ,  in  argon, 
equilibrium  mixtures  of  BrF.  BrF,.  and  Hr,  in  argon,  alone 
and  codcpositcd  with  F2  in  argon,  and  Br,  in  argon  and  Is  in 
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Figure  2.  Infrared  spectra  of  a  BrF,  sample:  (a)  Ar/BrF,  =  2000  1. 
17  mmol  deposited;  (b)  after  2:  min  of  llg  arc  photolysis  with  the 
quartz-water  and  Corning  CS-7-54  glass  fillers;  (c)  alter  a  thermal 
cycle  to  25  K:  (d)  after  a  thermal  cycle  to  33  k. 


argon  deposited  from  separate  manifolds.  Microwave  dis¬ 
charge  experiments  were  done  with  samples  of  Ar/Br:  and 
Ar/F2  mixed  before  and  during  discharge.  Bands  assignable 
to  BrF  and  BrF,  monomers  and  BrF,  dimer  were  observed, 
and  several  BrF,  absorptions  were  seen  as  well.1-’  New  bands 
that  appeared  on  photolysis  and  warmup  and  during  micro- 
wave  discharge  will  be  described  in  more  detail. 

Several  experiments  with  Ar/BrF3  (M/R  =  2000  and  1000) 
samples  were  done  at  Tennessee  to  optimize  the  yield  of  a  new 
doublet  at  567,  569  cm  '1.  This  feature  was  observed  after  10 
min  of  photolysis  with  the  quartz-water  filter  and  enhanced 
by  a  thermal  cycle  to  25  K.  The  yield  was  maximized  by 
subsequent  photolysis  for  25  min  using  the  quartz-water  plus 
Corning  filters,  followed  by  a  thermal  cycle  to  25  K.  as  show  n 
in  Figure  2.  Subsequent  thermal  cycling  to  36  K  destroyed 
the  band  completely.  A  small  band  was  observed  at  527  cm  1 
in  these  experiments,  that  was  enhanced  by  photolysis  and 
thermal  cycling.  This  band  was  not  destroyed  even  by 
warming  to  36  K.  A  similar  experiment  was  done  by  co¬ 
condensing  an  equilibrium  mixture  of  Br2.  BrF,  and  BrF,  in 
argon  at  M/R  =  50  with  F2  in  argon  at  M/R  =  170  using 
8.5  mmol  of  each  mixture.  After  40  min  of  photolysis  with 
the  quartz-water  plus  Corning  filter  combination,  new  doublets 
at  554.  556  and  561 .  563  cm  1  were  observed,  plus  a  very  small 
feature  at  567.  569  cm  1  on  the  side  of  the  large  BrF,  monomer 
and  dimer  bands.  Thermal  cycling  to  25  K  caused  the 
555-cm  1  doublet  to  increase  significantly,  while  the  562-cm  1 
doublet  decreased  with  loss  of  resolution.  The  569-cm  1  feature- 
had  increased  slightly.  The  527-cm  1  band  was  observed  on 
deposition  and  was  unaffected  by  photolysis  but  grew  con¬ 
siderably  on  warmup. 

Similar  experiments  were  done  at  Virginia  on  two  chemical 
systems.  Two  experiments  were  done  in  which  bromine  and 
fluorine  were  premixed  and  allowed  to  react  such  that  a 
mixture  of  Br,.  BrF,  Brl  ,.  and  some  I  ,  was  actually  deposited 
With  excess  F,  (Ar/Br-/F.  =  200/1/2.  58  mmol  deposited), 
large  amounts  ,4  Brl  at  660.0.  661 .5  cm  '.  BrF,  monomer  and 
dimer,  and  some  BrF,  were  observed.  Ten  minutes  of  pho¬ 
tolysis  with  the  quartz  water  and  By  rex  filters  resulted  in  good 
yields  of  new  bands  at  554  I.  556  I  cm  '.  with  a  smaller  pair 
at  562.0,  564  0  cm  1  A  thermal  cycle  to  26  k  caused  a  small 
decrease  in  both  these  bands,  and  a  new  doublet  at  568.0.  570  2 
cm  1  appeared  I  hirly  minutes  more  photolysis  and  a  thermal 
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Figure  3.  Inlrared  spectra  of  a  premixed  bromine  and  fluorine 
experiment:  (a)  Ar/  F\/  Hr,  =  200/ 1/1.53  mmol  deposited;  (b)  after 
40  min  of  tig  arc  photolysis  with  the  quartz  water  and  Pyrcx  plate 
filters;  (c)  after  a  thermal  cycle  to  28  K. 

cycle  regenerated  the  555-em  1  band,  but  both  the  higher 
frequency  bands  lost  intensity  and  resolution.  A  band  at  529 
cm  1  grew  slightly  on  warmups.  A  similar  experiment  with 
equal  initial  bromine  and  fluorine  (Ar/F;/Br,  =  200/1/1,  53 
mmol  deposited)  gave  a  reduced  yield  of  the  mixed  halogen 
species,  which  is  illustrated  in  Figure  3.  Ten  minutes  of 
photolysis  with  the  quartz  water  and  Pyrex  filter  produced 
both  the  554. 1-,  556.1-cm  1  and  562.0-,  564.0-cm  1  doublets. 
The  less  dominant  BrFj  bands  show  clearly  that  none  of  the 
569-cm  1  feature  is  present  after  photolysis.  A  thermal  cycle 
to  28  K  causes  a  decrease  in  both  bands,  with  loss  of  resolution 
on  the  higher  doublet.  The  568.0-,  570.2-cm  1  feature  grows 
in  clearly  with  good  yield  (absorbance  =  0.13).  A  band  at 
about  538  cm  1  was  decreased  considerably  by  photolysis,  but 
no  photolysis  or  temperature  effect  was  observed  for  a  small 
band  at  529  cm  '. 

Two  further  experiments  simultaneously  codcpositcd  Ar/Br, 
and  Ar/F;  samples  from  separate  vacuum  lines.  With  excess 
F2  (Ar/Fj  =  50/1,  46  mmol;  Ar/Br,  =  200/1,  46  mmol),  no 
bands  are  observed  on  initial  deposition.  Ten  minutes  of 
photolysis  with  the  quartz- water  and  Pyrex  combination 
produced  numerous  bands  assignable  to  BrF,  dimer,  plus  small 
amounts  of  BrF,  and  BrF,  monomers.  In  addition,  a  full  scale 
band  was  observed  centered  at  555  cm  '.  and  a  smaller  feature 
at  560.0  cm  1  was  seen,  with  a  shoulder  at  about  562  cm 
A  band  at  507  cm  1  was  considerably  sharper  than  the  BrF, 
dimer  feature  observed  in  the  premixed  experiments  and  is 
relatively  larger  than  other  BrF,  dimer  bands  in  this  exper¬ 
iment.  A  very  weak  band  was  observed  at  529  cm  '.  Thirty 
minutes  more  photolysis  produced  growth  in  the  507-.  529-. 
and  555-cm  1  features,  as  well  as  the  BrF,  dimer  bands.  The 
560-cm  1  feature  lost  intensity  and  resolution,  and  a  very  small 
feature  appeared  at  570  cm  A  subsequent  thermal  cycle 
to  2f>  K  resulted  in  a  slight  increase  in  the  507-cm  1  band  little 
change  in  the  529-  and  560-cm  1  features,  and  a  decrease  in 
both  the  555-em  1  and  in  the  tiny  570-cm  1  feature  A  similar 
experiment  with  equal  bromine  and  fluorine  concentrations 
( Ar,  Hr.,  =  KM)/ 1 .  34  mmol;  Ar/I  ,  =  100/ 1. 43  mmol)  give 
analogous  results  and  is  shown  in  Figure  4  Nothing  was 
observed  on  initial  deposition,  but  40  min  of  photolssis  with 
the  quartz  water  plus  Pyrex  assembly  produced  the  507-cm 
leaiiirc.  a  strong  555  0-.  557  0-em  1  doublet  with  a  561  -cm  ' 
shoulder  and  scry  small  Brl  ,  dimer  bands  A  tlieriu.il  cvclc 
to  2  7  k  caused  all  features  In  lose  inlcpsiis.  and  the  5'5-cni 
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Figure  4.  Inlrared  spectra  of  a  separate  manifold  bromine  and  fluorine 
experiment:  (a)  Ar/Br;  =  100/1.  34  mmol,  and  Ar  / F;  =  100/1. 43 
mmol  deposited:  (b)  after  40  min  of  Hg  are  photolysis  with  the 
quartz  water  and  Pyrex  plate  filters;  (c)  after  a  thermal  escle  to  27 
K. 
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Figure  5.  Infrared  spectra  of  a  premised  bromine  and  fluorine 
discharge  experiment:  (A)  Ar/I  ./Br.  =  425/2.5/1  deposited  during 
mterowase  discharge;  (13)  after  a  thermal  cycle  to  25  k.  t(  )  alter 
a  thermal  cycle  to  30  K;  (I))  alter  a  thermal  cycle  to  40  k 

feature  lost  resolution  and  most  of  the  shoulder,  as  is  shown 
m  I  igure  4 

I  urthcr  experiments  were  done  at  Tennessee  with  bromine 
and  lliiorine  samples  passed  through  a  micro  ware  discharge 
A  blank  experiment  with  10  mmol  til  Ar/ 1  Br-  =  425,  2.5,  1 
,lc|iosiied  without  discharge  produced  only  leaturcs  assignable 
to  lirl  and  BrF,.  Discharge  ol  a  similar  prenmed  sample 
re  ulled  in  the  appear. nice  ol  bands  assignable  to  Brl  ,  mo¬ 
nomer.  as  well  as  Brl  and  Brl  <  New  features  observed  at 
47s.  so/  sy7  cui  1  arc  shown  in  I  igure  5  A  thermal 
stele  to  25  k  caused  an  increase  in  the  507-  and  527-cin  1 
bands,  while  the  475-cin  1  band  remains  unchanged  t  urthcr 
tschup  to  10  k  resulted  in  a  (urthcr  increase  in  the  527-cm  1 
band,  and  the  loss  ol  the  50 /-cm  1  band.  W  arming  to  40  k 
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Figure  6.  Infrared  spectra  of  separate  can  and  separate  manifold  iodine 
and  fluorine  experiments:  (a)  Ar/F2  =  100.  1 1.6  mmol,  and  Ar/I, 
=  200,  7.5  mmol  deposited  from  separate  cans:  (b)  after  30  min  of 
Hg  arc  photolysis  with  the  quartz-water  and  Pyrex  plate  filters,  plus 
15  min  with  the  quartz-water  filter  only:  (c)  Ar/F2  =  100,  10.4  mmol, 
and  Ar/Ij  =  200,  7.9  mmol  deposited  from  separate  manifolds:  (d ) 
after  15  min  of  Hg  arc  photolysis  with  the  quartz-water  and  Pyrex 
plate  filters,  plus  20  min  with  the  quartz-water  filter  only. 

caused  the  loss  of  the  527-cm  1  band  as  well,  but  the  475-cm  ' 
feature  remained  virtually  unchanged  even  on  warming  to  50 
K. 

In  a  similar  experiment,  Br,  and  F,  samples  were  mixed  just 
prior  todischarge  (Ar/Br2  =  160/1,  26  mmol;  Ar/F2  =  80/1, 
13  mmol).  The  507-  and  527-cm  1  bands  were  observed  in 
good  yield.  The  527-cm'1  band  is  stable  on  thermal  cycling 
as  high  as  30  K,  while  the  507-cm  1  band  is  decreased  by 
warming  to  25  K  and  further  on  warming  to  30  K. 

Another  experiment  was  run,  mixing  the  two  reactants 
within  the  discharge  (Ar/Br2  =  170/1, 8  mmol;  Ar/F,  =  85/1. 
8  mmol).  The  527-cm  1  band  was  observed,  but  was  quite 
small,  and  was  stable  on  warming  to  as  high  as  30  K.  but  was 
gone  after  warming  to  35  K.  A  band  at  570  cm  1  appeared 
on  warming  to  25  K,  increased  on  warming  to  30  K,  and  was 
gone  after  a  cycle  to  35  K.  A  similar  experiment  with  more 
dilute  samples  produced  the  570-cm  1  band  following  a  thermal 
cycle. 

I2  +  F2.  Iodine  and  fluorine  react  very  readily  in  the  gas 
phase  and  spectra  from  premixed  experiments  showed  strong 
bands  at  704,  634.  370.  and  317  cm  1  due  to  IF..10  No  new 
bands  were  produced  by  photolysis.  Spectra  from  separate 
can  experiments,  which  allow  a  short  reaction  time  in  the 
deposition  line  before  the  sample  reaches  the  cold  surface,  also 
showed  a  good  yield  of  IF.  and  weak  bands  at  578  and  535 
cm  which  arc  shown  in  Figure  6a.  Trace  (b)  illustrates  the 
spectrum  after  photolysis  with  the  quartz  water  and  Pyrex 
filters  which  produced  new  bands  at  499  and  526  cm  '.  while 
the  weak  band  at  535  cm  1  was  destroyed.  A  subsequent 
photolysis  with  the  quartz  water  filler  had  little  effect.  A 
thermal  cycle  to  ~35  K  caused  both  bands  to  grow  a  small 
amount,  but  no  other  new  bands  appeared 

Two  experiments  were  done  using  completely  separate 
deposition  lines  allowing  almost  no  gas-phase  reaction  An 
experiment  with  excess  fluorine.  Ar/f,  =  100/1  and  Ar/I, 
=*  200/1,  is  shown  in  scans  (c)  and  (d)  of  f  igure  6  before  and 
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after  photolysis  with  quartz-water  and  Pyrex  filters.  Before 
photolysis,  weak  bands  at  516  and  524  cm  1  and  a  strong  band 
at  535  cm  1  (absorbance  =  A  =  0.22)  were  observed.  After 
photolysis,  a  new  band  appeared  at  499  cm  1  (A  =  0  048),  a 
strong  band  grew  in  at  526  cm  1  ( A  =  0.98).  and  the  5i5-cm  1 
band  lost  intensity.  Broad  bands  centered  at  577  and  624  cm  1 
grew  in  as  well.  Further  photolysis  with  the  quartz-water  filter 
only  produced  some  growth  in  the  499-cm  1  band,  further 
reduction  of  the  535-cm'1  band,  and  slight  reduction  of  the 
526-cm1  band.  A  thermal  cycle  had  little  effect  on  this 
sample. 

Another  separate  manifold  experiment,  with  equal  iodine 
and  fluorine  concentrations  (Ar/I2  =  200/1, 813  mmol;  Ar/F, 
=  200/1,  17  mmol)  showed  virtually  the  same  spectrum  as 
Figure  6c  before  photolysis.  Pyrex-water  filtered  photolysis 
produced  the  499-  and  526-cm  1  bands,  but  this  time,  with 
lower  fluorine  concentration,  the  535-cm  1  band  grew  slightly, 
rather  than  decreasing,  as  it  did  with  excess  fluorine.  Further 
quartz  water  filtered  photolysis  again  produced  growth  of  the 
499-cm  1  band,  slight  growth  of  the  526-cm  1  band,  and 
reduction  of  the  535-cm"'  band 

CI2  +  Br,.  Two  separate  can  experiments  were  done  with 
chlorine  and  bromine,  since  these  elements  react  to  give  BrCI 
in  the  gas  phase.  The  first,  using  1%  samples,  produced  a 
weak,  broad  band  at  427  cm  1  after  Pyrex-  and  water-filtered 
photolysis.  The  second  experiment  with  Ar/Cl2  =  Ar/Br2  = 
50/1  samples  produced  a  stronger  427-cm  1  absorption  (A  = 
0.08)  after  water-filtered  photolysis. 

Raman.  Raman  experiments  were  done  for  the  three 
fluorine-halogen  systems.  Premixed  and  separate  manifold 
experiments  were  run  with  chlorine  and  fluorine,  with  total 
M/R  for  each  halogen  of  50  and  100.  Initial  scans  showed 
signals  corresponding  to  Cl2,  C1F.  and  F;  at  562,  760.  and  892 
cm  1  shifted  from  the  laser  line.9  Laser  photolysis  produced 
a  weak  signal  at  528  cm  1  due  to  CIF,"  on  the  low-frequency 
side  of  the  Cl2  band  and  a  weaker  band  approximately  co¬ 
inciding  with  the  CIF  band  near  760  cm  '.  Otherwise,  no  new 
features  were  observed. 

Bromine  and  fluorine  experiments  did  produce  new  scattered 
light  signals  on  laser  photolysis.  A  typical  experiment  is  il¬ 
lustrated  in  Figure  7  using  Ar/F:  =  25/1  and  Ar/Br,  =  25/1 
samples.  The  first  scan  (a)  shows  a  strong  signal  at  296  cm  1 12 
and  a  weak  F,  signal  and  a  broad  feature  which  is  actually 
two  weak  signals  at  about  603  and  638  cm  '.  Twenty-five 
minutes  of  488.0-nm  laser  photolysis,  scan  (b).  caused  definite 
growth  in  the  603-cm  1  band,  and  a  new  band  grew  in  at  675 
cm  ',  while  the  638-cm  1  bund  was  lost.  A  thermal  cycle  to 
about  29  K.  scan  (c).  caused  further  growth  in  the  675-etn  1 
bund  but  a  reduction  in  the  603-cm  1  band.  Further  laser 
photolysis  for  1 5  min.  scan  (d).  regenerated  the  603-cm  '  band, 
with  little  further  effect  on  the  675-cm  '  band.  Similar  be¬ 
havior  was  observed  for  a  premixed  experiment  (Ar/F2/Br, 
=  100/2/1),  except  that  the  675-cnt  1  band  was  favored 
slightly  with  the  excess  F;.  Another  premixed  experiment 
(Ar/F,/Br,  =  50/1/1)  again  showed  the  603-cm  1  band  in 
better  yield.  Interestingly,  the  two  photolysis-product  bands 
showed  up  in  the  initial  scan  in  the  experiment  where  514.5-nm 
laser  light  was  used,  f  urther  separate  manifold  experiments 
using  Ar/f ./  Br,  =  50/1/1  samples  produced  only  very  weak 
bands  in  the  600  700-cm  1  region. 

l  aser  Raman  experiments  with  iodine  and  fluorine  produced 
no  new  signals  Initial  spectra  showed  a  weak  F,  band,  and 
strong  resonance  Raman  spectra  of  isolated  I,.12  Prolonged 
photolvsis  only  decreased  these  signals  while  resonance  Raman 
bands  due  to  aggregated  I,  appeared  All  experiments  were 
done  with  separate  manifolds,  using  Ar/f  ,  and  Ar/I,  as  low 
as  2  V  1 
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Figure  7.  Raman  spectra  of  a  separate  manifold  bromine  and  fluorine 
experiment:  (a)  Ar/F.  =  25/1,  13.7  mmol,  and  Ar/Br.  =  25/1.  13.5 
mmol  deposited:  (b)  after  25  min  of  unliltered  488.0-nm  laser 
photolysis  470  m\V  at  sample;  (c)  after  a  thermal  cycle  to  29  K:  (d) 
after  15  min  more  unfiltered  laser  photolysis.  Scans  were  taken  at 
50  em  '/n'in.  500-q  slits,  range  =  I  x  lO"4  A,  dielectric  spike  filter 
(Br2  peak,  range  =  3  X  10  ’  A);  G  =  grating  ghost. 

Discussion 

Absorptions  assigned  to  new  photolysis  product  species  for 
each  chemical  system  will  be  discussed  in  turn. 

C  hlorine  and  Fluorine.  The  four  infrared  absorptions  in  these 
chlorine-fluorine  experiments  were  observed  and  assigned 
previously  by  Mamantov  et  al.4  The  present  reexamination 
done  at  Virginia  suggests  an  alternate  assignment  for  three 
of  these  bands. 

The  627-,  636-cm  1  Doublet.  The  627-,  636-cm  1  absorptions 
were  the  most  intense  new  product  feature.  The  3/1  relative 
intensities  of  these  two  bands  clearly  indicate  that  they  arc 
the  55CI,  37CI  isotopic  components  of  a  single  chlorine  atom 
vibration.  The  isotope  splitting  of  9  cm  1  is  larger  than  that 
of  isolated  CIF.  7  cm1.  Such  a  large,  distinct  isotope  splitting 
is  characteristic  of  a  nearly  linear  F-Cl-F  antisymmetric 
vibration  containing  a  single  chlorine  atom,  as  proposed 
earlier.4  This  band  was  also  favored  by  an  abundance  of 
molecular  fluorine,  indicating  that  it  probably  involves  more 
than  one  fluorine  atom.  The  evidence  supports  assignment 
of  this  feature  to  the  antisymmetric  stretch  of  the  F  Cl  1  unit 
in  a  symmetric,  T-shapcd  C  ICIF-  species.  The  location  of  this 
absorption  slightly  below  the  corresponding  vibration  of 
matrix-isolated  OF,  at  6X3  cm  1  in  argon’  is  consistent  with 
this  assignment,  which  is  in  agreement  with  the  previous  work.4 

The  559-,  464-,  and  270-cm  1  Absorptions.  The  464-  and 
270-ctn  1  features  were  previously  observed  in  scry  concen¬ 
trated  samples  (Ar/F./CI;  =  400/10/1)  and  assigned4  to 
another  stretch  and  a  bend  of  the  CI  F.  molecule,  and  the 
559-cm  1  band  was  attributed  to  CI.F,  The  559 -on  1  ab¬ 
sorption  was  observed  when  the  636-cm  1  feature  was  intense, 
and  it  exhibited  a  large  Cl  isotope  splitting,  559  to  551  cm  '. 
so  assignment  to  a  derivative  of  the  CM  -  molecule  was 
proposed.4  There  is.  however,  an  alternate  assignment  that 
can  be  made  tor  these  three  bands  which  is  consistent  with 
the  earlier  information  and  with  these  more  recent  observa¬ 
tions. 


Prochaska,  Andrews,  Smyrl.  and  Mamantov 


Table  1.  Observed  and  Calculated  Isotopic  Frequencies  (cm'1 ), 
Vibrational  Potential  Function,  and  Potential  Energy 
Distribution  for  CljF 


Isotope  Assignment 

Obsd 

Calcd0 

35-35-J9 

v, 

559.0 

560.1 

464.0 

465.4 

**3 

270.0 

271.2 

37-37-37 

v, 

55 1.0 

549  9 

Vj 

459.0 

457.6 

268.0 

266.7 

Potential  energy  distribution^ 

Potential  function 

V, 

v. 

v3 

Fchf  =  2.12  mdyn/A 

71.9C 

30.3 

1.3 

^Cl-Cl  =  2  77  mdyn/A 

50.1 

51.0 

2.4 

Fci-ci-f  =  0.95  (mdyn  A)/rad4 

0.0 

4.3 

95.7 

^Cl-Cl,  Cl-F  =  0.44  mdyn/A 

-22.0 

14  4 

0.6 

°  Average  difference  between  calculated  and  observed  frequen¬ 
cies  is  1 .2  cm"1.  b  For  35-35-19  isotope.  c  Interpretation:  v, 
is  71  .9 7c  Cl-F  bond  stretching  in  character. 


One  important  point  must  be  made  with  respect  to  the 
dependence  of  the  559-cm  1  band  on  fluorine  concentration. 
The  previous  work  showed  that  this  feature  was  favored  by 
an  abundance  of  fluorine  atoms,  based  on  relative  growth  after 
photolysis  with  wavelengths  that  favor  F.  dissociation.  The 
recent  data  indicate,  however,  that  these  bands  are  favored 
relative  to  the  627-,  636-cm  1  features  in  experiments  with 
lower  total  fluorine  concentration.  The  earlier  experiments 
used  a  many  ( I0-20)-fold  excess  of  F2.  while  the  recent  ones 
employed  only  a  fourfold  F:  excess  and  also  a  fourfold  Cl, 
excess.  This  latter  observation  does  not  support  assignment 
of  these  absorptions  lo  a  fluorine  addition  product  of  CNF,. 
A  species  that  would  be  favored  by  both  efficient  fluorine  atom 
production  and  low  total  fluorine  concentration  is  one  con¬ 
taining  a  single  fluorine  atom,  specifically  C'l.F. 

The  464-  and  270-cm  1  absorptions  appear  to  be  associated 
with  (he  559-cm  1  absorption  on  changing  the  F./CI.  ratio  in 
the  sample.  It  is  reasonable  to  consider  these  lower  two  bands 
for  assignment  to  the  Cl  Cl  stretching  mode  and  the  bending 
mode  of  Cl- Cl  -F.  respectively.  In  the  most  productive  ex¬ 
periment.  the  464-cm  1  feature  contained  partially  resolved 
components  at  462  and  459  cm  1  with  the  appropriate  relative 
intensities  for  a  vibration  of  two  chlorine  atoms.  The  559-cm  1 
band  is  assigned  to  the  Cl  -F  stretching  mode  of  CI.F;  the 
chlorine  isotopic  intensities  show  that  one  chlorine  atom 
participates  in  this  vibration. 

Force  constant  calculations  were  done  for  the  Cl  Cl  F 
radical  with  these  assignments  using  the  Schachtschneider 
program  i  adi  and  the  assumed  bent  structure  (150°)  with 
Cl  Cl  and  Cl  F  distances  of  2.2  and  I  S  A.  respectively.  Bond 
lengths  for  the  diatomic  molecules  arc  1.99  and  1.6.7  A.  re¬ 
spectively.''  A  satisfactory  agreement  was  obtained  between 
calculated  and  observed  frequencies  (average  difference  =  1.2 
cm  ');  a  substantial  Cl  Cl.  Cl- F  stretch  stretch  interaction 
force  constant  w  .-,  required  to  fit  the  isotopic  data  which  are 
listed  in  Table  I  along  with  the  force  constants  It  can  be  seen 
from  the  potential  energy  distribution  that  the  two  bond 
stretching  modes  are  extensively  mixed;  however,  the  5 *9. cm  1 
band  is  more  Cl  F  stretch  and  the  464-cm  1  band  is  pre¬ 
dominantly  Cl  Cl  stretch  in  character  This  vibratton.il 
in.ilysis  is  supportive  of  the  CIF  assignment,  but  it  cannot 
be  considered  lo  confirm  the  observation  o’  CI  F 

If  this  identification  of  Tic  CI.F  free  radical  is  correct, 
another  interesting  2 1 -electron  species  is  available  for  bonding 
considerations  The  two  stretching  fundamentals  of  (  7. 1  .  *59 
and  464  cm  '.  arc  near  the  stretching  modes'  ot  CIF  .  at  *7s 
and  silt)  cm  1  Comparison  between  the  two  modes  for  CI.F 
with  the  <  I.  and  (  7  fundamentals  at  54‘»  and  770  cm  1  in 
solid  argon.'  "  and  iF.e  lorcr  constants  in  Table  I  with  values 


Matrix  Reactions  of  F,  with  Cl2,  Br,,  and  I, 
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for  CIF  (4.29  mdyn/A)6  and  Cl,  (3.10  rndyn/A),13  suggests 
that  C1,F  contains  a  weak  Cl-F  bond  and  a  Cl2  bond  only 
slightly  weaker  than  diatomic  Cl2.  This  is  reminiscent  of  the 
F—CIO  and  Cl— CIO  molecules  and  the  bonding  in  F—CICI 
can  be  rationalized  by  the  simple  p-x*  bonding  model  used 
for  these  species.614  However,  in  the  F—C1C1  case,  a 
three-electron  F(2p)-Cl,(ir*)  bond  is  involved  which  affects 
the  Cl-Cl  bond  by  increasing  antibonding  electron  density, 
opposite  to  the  case  in  F—CIO.  Finally,  a  simple  molecular 
orbital  model  for  X3  systems  using  valence  s  and  p  orbitals 
gives  three  more  bonding  than  antibonding  electrons  which 
also  predicts  one  “single"  bond  and  one  “half”  bond  for 
F-C1C1. 

The  failure  to  produce  C1C1F,  and  CIC1F  with  the  alternate 
but  less  prolific  fluorine  atom  sources,  CIF  and  OF,,  may  shed 
some  light  on  a  possible  mechanism  by  which  these  species 
are  formed.  This  observation  suggests  that  the  mechanism 
is  not  only  simple  addition  of  fluorine  atoms  to  molecular 
chlorine  but  that  chlorine  molecule-fluorine  molecule  van  der 
Waals  dimers  may  play  an  important  role.  C1C1  F_  could  be 
formed  directly  upon  photolysis  of  CF— F,  van  der  Waals 
dimers  and  CI,F  could  resuit  when  one  fluorine  escapes  this 
cage.  Of  course,  direct  fluorine  addition  to  Cl,  can  form  CI,F 
as  well. 

Bromine  and  Fluorine.  The  infrared  experiments  on  the  Br, 
+  F,  system  were  the  most  interesting  and  fruitful  in  terms 
of  new  species  observed.  The  moderate  gas-phase  reactivity 
of  the  reagents  made  the  contrast  between  premixed  and 
separate  experiments  particularly  illuminating  and  informative. 

The  554-,  556-cm  1  Doublet.  The  554-,  556-em  1  doublet 
exhibited  a  distinct  bromine  isotope  splitting  characteristic  of 
a  vibration  involving  a  single  Br  atom.  The  bromine  isotopic 
splitting  for  BrF  is  1.5  cm  1  for  the  661-cm  1  fundamental  in 
solid  argon,  whereas  the  splitting  on  the  554  -556-cm  1  doublet 
is  2.0  cm'1,  a  good  bit  larger.  This  suggests  an  antisymmetric 
stretch  of  an  approximately  linear  F-  Br-F  unit.  The  fact  that 
this  band  is  strongly  favored  in  experiments  where  Br,  is  the 
bromine  source  leads  to  the  conclusion  that  the  species  contains 
two  Br  atoms.  Finally,  the  increased  yield  with  excess  F, 
suggests  that  the  molecule  probably  contains  more  than  one 
F  atom.  These  observations  lead  to  the  assignment  of  this  band 
to  the  symmetric  T-shaped  BrBrF2  molecule.  The  555-cin  1 
band  was  the  major  product  species  in  these  studies,  as  was 
the  analogous  CI,F,  molecule  in  chlorine-fluorine  experiments. 
This  species  is  probably  produced  largely  from  the  photo- 
reaction  of  Br, -F2  van  der  Waals  dimers  trapped  in  the  matrix, 
although  the  reaction  of  two  successive  fluorine  atoms  with 
Br:  is  also  expected.  It  is  noteworthy  that  the  antisymmetric 
I  Br  F  mode  in  Br-BrF,,  555  cm  '.  is  slightly  reduced  front 
that  of  F  BrF,,  597  cm  '. 

The  56H-,  570-cnt  1  Doublet.  The  568-,  570-cm  1  band 
exhibits  the  same  distinct  splitting  characteristic  of  a  nearly 
linear  F  Br -F  antisymmetric  vibration.  The  fact  that  this 
feature  grows  dramatically  on  warming  shows  that  it  is 
produced  by  the  diffusion  and  reaction  of  I  atoms.  The  species 
may  be  formed  during  photolysis  as  well  but  destroyed  at 
roughly  the  same  rate.  This  behavior  was  observed  less 
dramatically  with  the  CIF,  radical  J  The  569  cm  1  band  is 
only  observed  in  experiments  where  precursor  molecules  with 
a  single  Br  atom  are  present.  BrF  and  Brio,  indicating  ih.it 
it  probably  contains  only  one  Br  atom.  Further,  it  i,  not 
especially  favored  in  experiments  where  excess  fluorine  i' 
present  in  which  case  the  single  Br  species  Brl  ,  would  he  the 
preferred  product.  Ibis  evidence  leads  to  the  assignment  ot 
this  feature  to  the  BrF,  radical. 

Although  the  formation  and  behavior  of  this  species  arc 
comparable  to  that  ot  C  II  ,.  it  is  noteworthy  that  a  comparison 
of  the  CIF  and  Brl  frequencies,  and  the  (  II  ,  and  Brl  ,  i- , 


modes,  predicts  BrF,  in  the  low  500-cni  1  region,  where  bands 
are  observed  at  507  and  527  cm  '.  Still,  the  parallel  photolyiie 
behavior  and  the  bromine  isotopic  splitting  point  to  assignment 
of  the  569-cm  1  band  to  r,  of  BrF, 

The  isotopic  fundamentals  570.2  and  568.0  cm  respec¬ 
tively.  for  1,fBrF2  and  '"BrF,  can  be  used  to  calculate  a  lower 
limit  to  the  F-Br-F  valence  angle.  This  value,  152  ±  8°,  is 
in  good  agreement  with  the  136  ±  4°  lower  limit3  for  CIF2 
and  il  strongly  suggests  that  the  2 1 -electron  BrF,  free  radical 
is  obtusely  bent. 

The  507-cm  1  Band.  The  band  at  507  cm  1  falls  in  a  region 
with  a  broad  unstructured  BrF,  dimer  band7  that  is  observed 
in  experiments  where  this  compound  is  present.  However,  the 
band  is  much  sharper  in  experiments  where  bromine  and 
fluorine  are  deposited  separately,  and  its  intensity  is  large 
relative  toother  BrF, dimer  bands  in  these  experiments.  This 
leads  to  the  conclusion  that  a  new.  photolysis-product  species 
is  responsible  for  this  sharp  feature.  The  fact  that  this  feature 
is  most  promt aent  in  experiments  with  Br,  parent  indicates 
again  a  species  containing  two  Br  atoms.  Further,  it  is  favored 
oxer  Brl  ,  miner  in  an  experiment  with  low  F.  concentration, 
indicatine  that  it  contains  fewer  F  atoms  These  observations 
justify  tiie  tentative  assignment  ol  this  feature  i.  •  he  asym¬ 
metric  Br,l  species  formed  by  reaction  of  one  F  atom  with 
Br:.  I  nfortunately,  no  bromine  isotopic  splitting  was  resolved 
on  this  absorption:  however,  the  splitting  is  only  1.0  cm  1  for 
a  simple  Br  F  mode  in  this  region,  which  would  be  difficult 
to  resolve  for  a  weak  absorption. 

The  observation  of  the  507-cm  1  band  in  discharge  ex¬ 
periments  is  consistent  with  the  Br,F  assignment.  It  is  not 
expected  in  the  blank  experiment,  since  only  the  known  re¬ 
action  products  BrF,  (n  =  I,  3.  5)  would  be  formed  without 
any  photolysis  after  deposition,  and  the  premixed  sample  would 
be  expected  to  react  such  that  little  Br,  would  be  available 
anyway.  The  good  yield  obtained  with  reactants  mixed  just 
prior  to  discharge  is  consistent  with  the  deposition  of  intact 
bromine  molecules  and  fluorine  atoms. 

The  527-cni  1  Band.  The  band  at  527  cm  1  is  of  interest  as 
it  was  observed  in  both  photolysis  and  discharge  experiments. 
It  is  present  in  scans  of  premixed  samples  prior  to  photolysis 
but  was  not  observed  in  the  blank  discharge  experiment, 
although  no  BrF,  was  observed  either.  It  seems  to  be  favored 
by  excess  fluorine  and  by  thermal  cycling  but  is  lost  on  thermal 
cycling  above  35  K.  The  527-crn  1  absorption  observed  before 
photolysis  is  most  likely  due  to  (BrF,),,  as  assigned  previously.7 
This  species  could  be  formed  by  warming  a  sample  containing 
Br,  and  excess  fluorine  atoms  since  the  Br2  unit  need  not 
separate  in  the  dimer.  I  lowevcr.  its  disappearance  on  warming 
above  35  k  in  discharge  experiments  suggests  that  a  more 
reactive  species  might  contribute  to  the  527-cm  1  absorption. 
A  possibility  is  BrF4  which  is  expected  to  increase  on  diffusion 
and  reaction  of  I  atoms  to  a  point  BrF,  should  be  more  stable 
Ilian  t  il  j  (which  lias  been  detected  by  FSR1'  and  studied  via 
computer  experiments"'!  as  shown  by  the  comparison  of  CIF, 
and  Brl  . 

Others.  Ill  e  small  band  at  538  cm  ’  is  noticeable  by  virtue 
of  it,  photolysis  behavior  Fins  feature  has  been  observed  in 
other  work  with  mixed  Br  I  compounds,  where  it  was  at¬ 
tributed  to  an  impurity,  obviously  photosensitive  Tills  as- 
signmcni  i-  acceptable,  insofar  as  its  behavior  is  nol  partic- 
ul.irlv  compatible  w  ith  any  of  the  oilier  assigned  new  bands 
I  lie  4  7  5 -c m  band  observed  in  discharge  experiments  max 
jsissiblv  be  due  to  higher  polymers  ol  BrF,.  based  in  particular 
in  its  si  a  In  hi  v  to  relatively  high  thermal  cycling  to  50  K 

I  lie  doublet  observed  at  561.  563  cm  '  has  not  been  assigned 
in  a  new  species;  n  is  probably  due  to  a  site  sphttine  of  the 
ssa  s st, -cm  1  Hr. I  ,  feature.  I  he  intcnsiiv  of  the  smaller 
band  decreases  slightlv  more  Ilian  the  554-.  556-cm  1  feature 
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on  warming,  ami  the  resolution  of  the  doublet  is  lost.  This 
is  reasonable  behavior  for  a  less  stable  matrix  site. 

iodine  and  Fluorine.  Premixed  iodine  and  fluorine  samples 
revealed  a  good  yield  of  IF5  on  decomposition,  and  no  new 
products  were  formed  on  photolysis.  Even  separate  can  ex¬ 
periments,  which  provide  a  short  reaction  time  in  the  spray 
on  line,  produced  a  large  amount  of  IF,,  indicating  that  this 
is  the  strongly  favored  product.  The  matrix  isolation  ex¬ 
periments,  that  allow  a  brief  reaction  time  even  just  at  the 
matrix  surface,  provide  a  situation  in  which  IF  or  IF,  could 
be  observed  as  intermediates  in  the  formation  of  IF,. 

The  535-cm'1  Band.  The  535-cm  1  band  was  present  before 
photolysis  in  both  separate  can  and  separate  manifold  ex¬ 
periments,  with  larger  yields  in  the  latter  case.  The  band  was 
observed  to  decrease  significantly  on  photolysis  when  an  initial 
twofold  excess  of  fluorine  over  iodine  was  present.  However, 
with  a  lower  fluorine  concentration,  the  band  increased  on 
initial  quartz,  water,  and  Pyrcx  photolysis,  though  further 
photolysis  did  decrease  it.  The  species,  then,  is  favored  by  a 
lower  fluorine  concentration  and  can  be  both  formed  and 
destroyed  by  photolysis.  A  species  that  could  form  and  be 
trapped  during  deposition  is  IF,,  and  the  observed  photolysis 
behavior  can  be  readily  rationalized  for  this  assignment.  In 
solid  IF,  the  corresponding  band  occurs17  at  4X0  cm  '.  We 
have,  however,  observed18  a  frequency  shift  of  similar  mag¬ 
nitude  for  the  i>4  band  of  solid  CIF,. 

Photolysis  of  a  sample  containing  an  excess  of  fluorine  would 
result  in  conversion  of  IF,  to  IF,,  by  addition  of  fluorine  atoms. 
Indeed,  a  broad  band  in  the  region  of  IF,  absorption  is  seen 
to  grow  in  on  photolysis  in  the  separate  manifold  experiments 
(Figure  6d).  Growth  of  IF,  on  photolysis  with  less  F;  could 
arise  from  fluorine  reaction  with  IF  or  I  atoms  liberated  in 
the  initial  fluorine-iodine  reaction  during  sample  condensation. 
Finally,  assignment  of  the  535-cm  1  band  to  IF,  is  in  rea¬ 
sonable  correlation  with  CIF,  at  683  cm  1  and  BrF,  at  597 
cm  1  in  argon  matrices.7 

The  526-cm  1  Band.  The  526-cm  1  band  is  by  far  the 
dominant  absorption  produced  by  photolysis  in  the  iodine- 
fluorine  experiments.  This  new  species  is  expected  to  contain 
two  iodine  atoms,  as  it  is  probably  formed  from  isolated  I,  in 
the  matrix.  It  probably  contains  more  than  one  fluorine  atom, 
since  the  best  yields  are  obtained  in  excess-fluorine  experi¬ 
ments.  The  straightforward  assignment  for  this  band  is  to  the 
symmetric  I  IF,  species.  This  assignment  is  in  good  agreement 
with  those  for  CI,F,  at  636  cm  1  and  Br,F2  at  555  cm  ',  which 
were  the  major  products  in  their  respective  experiments. 

The  499-cm  1  Band.  This  species  is  present  in  considerably 
lower  yields  in  all  experiments,  as  might  be  expected  for  a 
species  with  cither  fewer  or  more  fluorine  atoms  than  the 
dominant  species.  The  position  of  this  band  makes  reasonable 
a  tentative  assignment  to  FT,  following  CI,F  at  559  cm  '  and 
Br,F  at  507  cm  However,  the  continued  growth  of  this  band 
on  successive  photolyses,  and  the  fact  that  it  is  favored  relative 
to  the  526-cm  1  band  in  the  excess-fluorine  separate  manifold 
experiment,  means  that  assignment  to  a  higher  fluorine  species 
such  as  l2F3  or  l2F4  cannot  be  ruled  out.  Higher  fluorine 
species  are  expected  to  be  more  stable  in  experiments  with 
iodine,  as  compared  to  chlorine  or  bromine. 

Others.  The  broad,  weak  feature  centered  at  about  624  cm  • 
is  slightly  lower  than  the  strong  IF,  absorption,  and  ii  is 
reasonably  assigned  to  this  molecule.  The  small  feature  at  57s 
cm  1  is  present  both  before  and  after  photolysis  in  separate 
can  experiments  and  only  after  photolysis  in  separate  manifold 
experiments.  This  feature  and  a  weak  band  at  5IX  cm 
present  throughout  the  separate  manifold  experiments  are 
probably  due  to  more  stable  species  w  hich  cannot  Ik*  identified 
without  additional  information 
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Bromine  and  Chlorine.  The  only  new  infrared  absorption 
produced  by  photolysis  of  Br,-CI,  samples  appeared  at  427 
cm  This  feature  was  not  observed  in  a  previous  study 
involving  discharged  mixtures  of  Br,  and  Cl,  which  suggested 
the  Br  BrCl,  identification  for  a  band  near  325  cm  ;.19  The 
BrCl  fundamental  has  been  observed  at  430  ±  2  cm  1  in 
Raman  studies;13  this  suggests  that  the  present  427-cm'1  band 
is  due  to  bromine  monochloride  monomer  and  perhaps  the 
dimer,  (BrCI)2.  The  earlier  Br-BrCl2  assignment  appears 
reasonable  relative  to  BrCl  at  430  cm  1  considering  the  present 
XXF,  species  as  compared  to  the  XF  diatomics.  It  is  in¬ 
teresting  to  note  that  the  failure  to  form  BrBrCl,  by  photolysis 
indicates  its  instability  relative  to  2BrCI  or  (BrCl),;  however, 
the  XX F,  species  are  produced  by  photolysis  which  shows  that 
the  symmetric  XXF;  molecule  is  more  stable  than  the  (XF), 
dimer  species. 

Raman  Spectra.  Most  of  the  assignments  made  from  the 
infrared  work  to  single  modes  of  polyatomic  species  are  based 
on  relative  band  intensity  and  concentration  behavior. 
Supporting  evidence  could,  in  principle,  be  obtained  from 
Raman  spectra,  but.  unfortunately,  the  Raman  observations 
were  not  helpful  in  this  regard.  Bromine  and  fluorine  ex¬ 
periments  were  the  only  ones  that  showed  new  photolysis 
product  signals,  which  came  at  6D3  and  675  cm  '  Neither 
of  these  bands  correspond  to  signals  observed  in  the  infrared, 
which  is  not  surprising,  since  Raman  and  infrared  intensities 
often  vary  indirectly. 

The  603-cm  '  Raman  signal  is  below  the  equatorial  Br-F 
stretching  mode7  of  BrF,  at  672  cm  1  and  the  603-cm  1  band 
could  be  due  to  the  equatorial  mode  of  an  asymmetric  species 

(I) .  Infrared  data  were  obtained  for  the  symmetric  species 

r  r 

l-Br  Hr— Br 

lir  r 

I  It 

(II)  and  not  the  asymmetric  species;  however,  the  symmetric 
isomer  is  probably  the  stronger  infrared  absorber.  It  is  also 
possible  for  ultraviolet  photolysis  to  favor  the  production  of 
one  isomer  and  visible  laser  photolysis  to  favor  the  other. 
Isomerization  could  also  occur  by  a  dimer  exchange  mech¬ 
anism.’  The  Raman  observation  suggests  that  an  asymmetric 
Br T  ,  species  is  also  formed,  but  it  docs  not  provide  a  definitive 
identification. 

Although  the  675-cm  1  band  is  markedly  similar  to  the 
equatorial  Br-F  mode  of  BrF,.  absence  of  the  stronger  axial 
Br-F  mode  for  BrF,  at  547  cm  1  rules  out  BrF,  monomer  for 
the  present  Raman  band.  However,  this  band  increased  on 
sample  warming  which  suggests  a  dimer  that  presumably 
contains  two  Br-F,  species,  but  this  is  not  a  definitive  iden¬ 
tification. 

Conclusions 

Matrix  samples  containing  fluorine  and  chlorine,  bromine, 
or  iodine  were  pliotolyzed  and  infrared  absorptions  were 
produced  lor  new  intcrlulopen  species.  The  major  absorption 
in  each  studx  was  assigned  to  the  symmetric  XXI’,  molecule, 
analogous  to  XI  .  Three  infrared  bands  have  been  attributed 
to  each  ol  the  '  (  1,1  and  '  (  Id  isotopic  species  \  sharp 
56K  0-.  > ”’0  2 -c in  doublet  was  assigned  to  the  BrF-  free 
radical  \  new  hand  produced  bx  the  matrix  cocondensal ion 
reaction  o|  l  and  I  -  was  assigned  to  IF,  which  was  converted 
to  II  In  phiUi’Ksis  in  samples  with  excess  fluorine.  A 
sinntn.irx  ,a  x.hr  'timi.il  n aides  tor  intcrhalogen  molecules  in 
-olid  are* »n  i,  cacti  in  I  aide  II  I  he  production  of  these 
spcucs  on  |  1 1 , > i o I *, ms  ,s  ind'catixc  of  mechanisms  involving 
lluorinc  aimo  imrr  ilion  through  Ihc  matrix  and  the  photo- 
rc.Kiion  ot  van  der  Wauls  dimers  The  matrix  allow,  new 


Table  II.  Vibrational  Modes  (cm1)  lor  Interhalogen 
Molecules  in  Solid  Argon 


Mode  Cl— I'  species  Br-F  species  I-F  species 


X-F  str 

Cl-F 

770 

Br-F 

661 

l-F 

603“ 

Antisym  X-F 

CIF, 

578b 

BrF, 

569 

Eq  X-F 

CIF, 

754c 

BrF, 

67  2C 

Ax,  antisym  X-F 

CIF, 

683 

BrF, 

597 

IF, 

535 

A\,  antisym  X-F 

Cl,  F, 

636 

Br,F, 

555 

l,F, 

526 

X-F'  str 

CIF, 

722d 

BrF, 

681 

IF, 

704 

Antisym  X-F 

CIF. 

726 

BrF, 

636 

IF, 

634 

X-F  str 

CI,F 

559 

(Br,F 

507) 

d,F 

499) 

X-X  sir 

CljF 

464 

X-X-F  bend 

C1,F 

270 

a  Deduced  from  electronic  spectra.’  b  References  2  and  3. 
c  Reference  7.  d  G.  M.  Begun,  W.  H.  Fletcher,  and  D.  F.  Smith, 
J.  Chem.  Phys.,  42,  2236  (1965). 


intermediate  interhalogen  species  to  be  produced  and  trapped 
for  spectroscopic  study. 
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APPENDIX  2:  DIATOMIC  INTERHALOGENS 


(A)  INTRODUCTION 


Many  of  the  physical  parameters  of  chlorine  monofluoride  have  not  been  well 
determined.  The  gas  phase  infrared  spectrum  was  analyzed  in  1951^,  but  the  resolu¬ 
tion  was  insufficient  for  precise  evaluation  of  the  rotational  constants,  and  the 

2 

data  were  treated  with  reference  to  parameters  calculated  from  earlier  microwave 


and  optical  spectra' 


The  microwave  spectrum  was  remeasured  in  1955  ,  but  in 


both  microwave  studies  some  high  order  constants  were  neglected  so  that  the  reported 

B  and  a  are  in  fact  B  +  3/4y  and  a  +  2y  .  The  data  from  these  studies 
6  e  e  e  e  e 

were  recalculated  in  1974  but  the  same  truncation  was  used.  The  optical  spectrum 
was  remeasured  in  1968'?,  and  the  optical,  infrared  and  microwave  data  was  reas- 

g 

sessed  in  1975  in  the  context  of  the  dissociation  energy  of  C1F  and  other 

9 

halogen  fluorides.  The  photoelectron  spectrum  has  been  reported  .  There  has  been 
a  discussion  of  the  sign  of  the  dipole  moment  of  C1F  which  has  been  resolved  in 
favor  of  the  intuitive  direction  i.e.  Cl+F  10. 


In  this  work  the  infrared  spectra  of  the  1-0,  2-0  and  3-0  bands  of  C 
37 

and  C1F  were  recorded  and  analvzed.  The  constants  u  ,  u  x  and  D  were 

'  e  e  e  e 

precisely  determined  for  the  first  time,  while  and  ag  agree  with  the 

(corrected)  values  from  the  earlier  microwave  data. 


(B)  CHLORINE  MONOFLUORIDE  SPECTRA 

The  1-0  (fundamental).  2-0  (first  overtone)  and  3-0  (second  overtone) 
bands  were  recorded  and  are  shown  in  Figures  6.1  -  6.3.  In  addition  in  Fig.  6.1 
a  few  2-1  transitions  (hot  bands)  can  also  be  seen.  The  quality  of  the  spectrum 
obtained  for  3-0  bands  was  poor.  The  only  suitable  inert  cell  had  a  pathlength  of 
10  cm,  so  that  in  order  to  observe  this  band  a  pressure  of  1000  torr  had  to  be 
used  at  which  substantial  pressure  broadening  occurs,  reducing  the  effective  resolu¬ 
tion  to  about  0.2-0. 3  cm  However  the  gross  features  of  the  band  may  be  seen 
including  the  R-branch  heads  for  both  C1F  and  C1F.  At  the  resolution  used 

not  all  the  lines  in  the  1-0  and  2-0  manifolds  are  resolved;  some  of  the 
35  37 

C1F  and  C1F  features  are  blended.  Nevertheless  the  position  of  lines  up  to 
J=50  for  1-0  and  .1=40  for  2-0  were  measured  with  a  precision  of  about  1/20 
of  the  resolution,  i.e.  about  0.005  cm 

(C)  SPECTRAL  INTERPRETATION 

The  symbols  used  in  analysis  of  the  data  are  defined  in  the  equations; 

E/hc  =  E  /he  +  C. ( v)  +  F(.J) 
e 


Fig.  6.1  FT-IR  spectrum  of  the  1-0  band  of  C1F. 
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G  =  a)  (v  +  1/2)  -  w  x  (v  +  1/2)2  +  ^  (v  +  1/2)2 . 

v  e  e  e  Je  e 

F  (J)  =  B  J(J  +  1)  -  D  J2(J  +  l)2  +  H  J3(J  +  l)3  . 

v'  v  V  V 

“  <v  +  1/2)  -  Y  (v  +  1/2) 2  . 

V  c  c  c 

DV  =  De  -  6e(v  +  1/2)  . 

Hence  B  =  B  -  l/2a  -  l/2a  -  1/by  . 

0  6  6  6  6 

and  D  =  D  -  1/26  . 

o  e  e 

The  first  step  in  the  analysis  consisted  of  the  standard  graphical  plots3, 
allowing  for  checks  of  measurement  errors  and  the  initial  assignments.  The  ground 
state  combination  differences  and  upper  state  combination  differences  are  shown  in 
Figure  6.4  while  the  combination  sums  plots  are  shown  in  Figure  6.5.  A  drawback  with 
this  approach  is  that  it  requires  specific  pairs  of  lines,  which,  owing  to  the 
blending  problem  alluded  to  above,  may  not  be  available  in  all  cases.  An  approach 
which  does  not  suffer  this  constraint  is  generalized  transition  frequency  analysis. 
Here  all  the  measured  frequencies,  in  this  case  197,  are  fitted  simultaneously 
using  the  number  of  variables  appropriate.  In  this  particular  case  the  maximum 
number  of  variables  to  be  determined  is  seven,  so  that  the  problem  is  greatly  over¬ 
determined.  Therefore  a  procedure  is  used  that  employs  variable  statistical 
weighting  for  individual  data  points.  After  several  refinement  cycles  some  points 
may  receive  zero  weighting  (typically  a  blended  line  whose  apparent  peak  center  may 
be  considerably  displaced  from  the  'true'  position).  186  of  the  original  197 
lines  were  fitted  with  a  standard  deviation  of  0.0062  cm  3,  which  compares  well  to 
the  accuracy  to  which  the  lines  could  be  measured. 

Because  only  poor  data  was  available  for  the  0-3  band,  some  of  the  higher 
order  parameters  could  not  be  determined  independently,  so  that  in  this  fit  the 

values  of  B  and  a  were  constrained  enabling  a  realistic  value  of  y  to  be 

e  e  e 

calculated.  Also  in  the  fit  the  value  of  6  was  constrained  to  a  figure  calcu¬ 
lated  from  a  theoretical  relationship  between  other  parameters.  The  data  in  the 
Table  represent  the  best  values  calculated  so  far,  but  are  being  refined  further 
and  some  small  changes  arc  anticipated. 

(D)  EXPERIMENTAL 

Chlorine  monofluoride,  with  natural  abundance  3>C1  and  3 ~(’  1 ,  was  obtained 
from  Ozark-Mahon ing  (Tulsa,  Oklahoma).  It  was  handled  exclusively  in  a  well- 
passivated  metal  vacuum  line,  and  distilled  from  a  -12fi"f  trap  before  use.  Samples 
at  pressures  ranging  from  20  to  1000  torr  were  contained  in  a  10  cm  long  stain- 


COMPARISON  OF  PRESENT  WORK  WITH  PREVIOUS  RESULTS  FOR  J:>C1F 


fcl 


Ref.  Data  3,  663  (1974).  Conversion  to  cm 
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less  steel  cell  equipped  with  silver  chloride  windows,  sealed  via  Viton  o-rings 
with  a  light  film  of  Kel-F  grease.  Spectra  were  obtained  using  a  Digilab  FTS 
20/C/V  interferometer  at  0.125  cm-1  resolution  with  appropriate  (4mm-12mm 
diameter)  apertures,  and  typically  1000  to  2000  scans  were  co-averaged.  The 

beamspliter  was  a  Ge  film  supported  on  a  KBr  substrate  and  a  TGS  detector  was 

used.  Interferograms  were  transformed  using  'boxcar'  apodization  and  the  resulting 
single-beam  spectra  were  interpolated  using  an  11-degree  polynomial  to  allow 
accurate  measurement  of  band  positions.  The  spectrometer  was  evacuated  during  data 
collection,  but  small  absorptions  due  to  residual  carbon  dioxide  and  water  vapor 
were  nonetheless  detected.  The  spectra  were  calibrated  using  standard  tables  and 
referenced  using  the  internal  He-Ne  interferometer. 

(E)  BROMINE  M0N0CHL0RIDE  SPECTRA 

BrCl  is  another  interhalogen  for  which  only  low  resolution  spectra  are  avail¬ 
able.  The  problem  is  complicated  since  BrCl  is  in  equilibrium  with  Br2  and 
Cl0  at  room  temperature;  the  equilibrium  constant  for  the  reaction 

1  ii  11  12 

Br2  +  Cl2  v=^  2  BrCl  is  0.15  .  There  have  been  two  reports  ’  of  the  low 

resolution  infrared  spectrum  of  the  gas,  both  more  than  25  years  old,  which  agree  in 

placing  the  band  center  at  439.5  +0.5  cm’1.  There  have  been  several  studies  of 

13  15 

the  Raman  spectrum  of  the  vapor  and  liquid  ’  ,  the  microwave  spectrum  has  been 

measured  ,'1^,  and  in  recent  years  work  has  been  done  on  the  UV  -visible  ’  and 

19  20 

laser  induced  fluorescent  spectra  .  BrCl  has  been  observed  in  matrices  and 

21 

the  pure  solid  has  been  prepared  at  low  temperatures  .  It  therefore  seemed 
appropriate  to  reinvestigate  the  infrared  spectrum  of  the  gas  at  high  resolution. 

The  1-0  band  is  shown  in  Fig.  6.6.  This  spectrum  is  a  complex  overlay  of 

7Q  oc  7Q  07  on  oc  01  07 

four  isotopic  molecules  -  Br  Cl,  Br  Cl,  Br  Cl  and  Br  Cl  -  and  since 
the  rotational  constant  'B'  is  of  the  order  of  1  cm  1  and  the  isotope  splitting 
is  small  all  these  bands  overlap  severely.  The  spectra  have  not  yet  been  analysed 
in  detail. 

(F)  EXPERIMENTAL 

The  spectroscopic,  chemical  and  physical  properties  of  BrCl  posed  several 
problems.  In  order  to  cover  the  range  of  the  fundamental  band  (approx.  400-500  cm  1) 
with  reasonable  signal  to  noise  ratios,  a  gemanium  beamsplitter  supported  upon  a 
Csl  substrate  was  used  giving  a  spectral  range  of  2800-250  cm  1.  The  usual  window 
materials  used  for  corrosive  halogen  compounds  (e^_£.  AgCl,  CaF2>  NaCl  etc .  )do  not 
transmit  in  the  400-500  cm  1  region,  and  polyethylene,  a  frequently  used  for  -  IR 
window  material,  does  not  transmit  greatly  above  650  cm  1 ,  thus  making  simulta- 
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neous  measurement  of  the  1-0  and  2-0  bands  impossible.  The  solution  chosen  was 
to  use  Csl  windows.  These  are  attacked  by  B^  to  give  a  thin  layer  of  CsBr 
and  I 2  on  the  window  but  further  attack  is  slow  and  the  transmittance  is  not 
seriously  diminished.  BrCl  was  formed  by  mixing  Br^  (Eastman,  CP  grade,  dried 
over  activated  alumina,  degassed  and  distilled  in  vacuo  before  use)  and 
(Matheson,  research  grade,  used  as  received)  in  the  cells  used.  To  obtain  the  1-0 
band  the  10cm  cell  described  previously  was  used.  The  pressure  of  gas  in  the  cell 
was  limited  by  the  vapor  pressures  of  Br^  and  BrCl.  In  this  case  150  nan  of  Br^ 
followed  by  150  ram  were  admitted  to  the  cell.  Only  an  exceedingly  weak  0-2 

band  was  detected  and  therefore  a  longer  cell  was  constructed.  The  long  cell  had  a 
glass  body  and  the  windows  were  held  in  place  with  aluminum  end  pieces  and  Viton 
o-rings.  The  pathlength  was  90  cm  and  so  the  cell  had  to  be  mounted  exterior  to 
the  spectometer,  between  the  beamsplitter  and  an  external  carbon  rod  source.  The 
aluminum  end  pieces  were  slightly  attacked  by  the  halogens. 
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Infrared  Laser  Photochemistry  of 
Matrix-Isolated  Molecules 

Sir 

Two  groups  have  reported  studies  of  infrared  laser  induced 
photochemistry  of  matrix-isolated  species.  Turner  el  al.1  have 
examined  rearrangements  of  isolopically  labeled  carbonyl 
fragments  induced  by  radiation  from  a  carbon  monoxide  laser 
in  the  1000-cm ~ 1  region.  These  authors  have  concluded11’  that 
“a  single  molecule  requires  absorption  of  only  one  photon  to 
undergo  isomerization'".  Ambart/umian  et  al.-’  claim  to  have 
observed  selective  dissociation  of  '-SI-,,  in  argon  matrices  using 
a  carbon  dioxide  laser  operating  in  the  940-em-1  region.  They 
estimate  that  each  molecule  absorbs  energy  corresponding  to 
about  I  50  quanta  of  CO;  laser  radiation. -b  Some  aspects  of 
their  reported  conclusions  appeared  unusual  to  us  and  we  at¬ 
tempted  to  reproduce  their  results  and  extend  work  in  this 
field. 

We  were  surprised  that  no  dissociated  products  were  de¬ 
tected  using  infrared  spectroscopy, :b  since  for  the  species  that 
may  be  produced  (Sl\».  S:l  |„.  and  SI  V)  vibrational  data  are 
available.'  '  A  reported  decrease  in  absorption  due  to  '-SI-«, 
front  ~‘)5  to  ~55'N>’b  would  be  expected  to  yield  pholoproducts 
having  substantial  absorbances. 

We  have  carried  out  a  series  of  experiments  involving  CO  - 
laser  irradiation  of  various  matrix-isolated  molecules  and  have- 
not  observed  any  evidence  for  dissociation  or  reaction  in  this 
medium.  Table  I  shows  some  of  the  species  studied,  the  vi- 


1  able  I 


coin  pd1’ 

laser  line 

frequency 

reported 
IR  gas 
phase 

mode  photolysis 

SI  „h 

1*1 20)  001  100 

044.2 

<■ 

l’(2d) 

05X  7 

N  >  1  4 

l’(  20)  001  100 

044  2 

t’H r  f 

NIV 

l*|  5 K )  001  020 

1020.4 

r’l 

COS* 

POO)  001  020 

1046  X 

v* 

Oi' 

1*150)001  020 

1057.4 

r'l 

"  Matrix  materials  used  were  \r.  00  OOOXw,  (Maihcson).  \ 
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-  R  V .  Ambari/iimian.  Y  u  A  Gorokhov.  V  S  I  clokhm.  and  G  N 
Makarov.  JH II’  I  rll  .  21.  I  7 1  ( l**75»;  .1 .  I  I  Milan.  R  I  Jensen.  I 
I’  Rink.  (  I*  Rohuison.  and  S  I)  Roekwood,  l/y>/  I’hw  I  ill  .  IT. 
H7  ( l‘)75). Air  Products.  ox%  •  < iauelie  isomer  .1  R  l)uri|!.lt  II 
( mil. ire.  and  I  I)  t )i|om  in  "V ibralmnal  Spectra  and  Structure",  Yol 
2.  .1  R  Dune.  I  d  .  Marcel  Dekker.  New  York.  I07N  p  ts  '  I  I 
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I’roduels.  US'S,.  *  Maihcson.  07  S'S,  '  Prepared  in  situ  using  microw.ise 
discharge.  See  I  Brewer. mil  I  I  Wang. ./  (hem  I’hw.  Sl>.  7*0 
I  1**7.?) 


bralional  modes  excited,  and  the  laser  wavenumbers  employed. 
Matrix  ratios  were  in  the  range  1 00;  1  to  40  000:1,  and  slow 
spray-on  techniques  were  used.  Our  observations  of  the  effects 
of  irradiation  are  that  no  spectroscopic  or  visual  effects  were 
observed  (a)  for  irradiation  of  pure  argon  matrices  or  (bl  when 
the  exciting  frequency  was  more  than  1 0  cm” 1  away  from  an 
absorption  band.  Irradiation  of  the  matrix  at  a  guest  absorption 
frequency  (or  at  up  to  5  cm'1  to  lower  wavenumber)  with  low 
energy  density  ( 0.4  J  cm"  ’)  causes  "logging"  of  the  previously 
glassy  matrices,  and  at  higher  densities  (41)  .1  cm"  )  causes 
matrix  destruction  with  complete  evaporation.  Prolonged 
photolyses  have  led  to  fracturing  of  the  cesium  iodide  substrate. 
We  are  led  to  the  conclusion  that  the  spectra  presented  by 
Ambart/umian  et  al.  show  no  conclusive  evidence  of  disso¬ 
ciative  photochemistry  but  may  simply  be  interpreted  in  terms 
of  differential  evaporation  of  '-’SI',,  from  the  matrices. 

After  submitting  this  paper,  we  have  learned  that  Davies  et 
al/’  have  also  observed  apparent  isotopic  enrichment  w  hen  SI,., 
isolated  in  solid  CO  or  Ar.  is  irradiated  with  a  pulsed  CO  -  laser. 
The  authors  attribute  this  result  to  a  spectroscopic  artefact 
caused  by  the  ablation  of  the  matrix/' 

The  vacuum,  cryogenic  and  spectroscopic  equipment  has 
been  described  previously.’  A  I  umonies  IT  A  105-2  CO-  laser 
was  operated  in  the  10  6-p  region  with  an  energy  of  I  2  .1  per 
pulse.  Output  modes  were  monitored  using  an  Optical  l-ngi- 
neering  Model  10R  spectrum  analyzer. 

Acknowledgment.  This  work  has  been  supported  by  the  Al 
Office  of  Scientific  Research.  Grant  No.  77-  5165. 
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Practical  Aspects  of  Rapid  Scanning  Fourier  Transform 
Time-resolved  Infrared  Spectroscopy*  f 
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The  results  of  experiments  designed  to  study  the  infrared  spec¬ 
tra  of  transient  species  produced  by  ultraviolet  photolysis  of 
acetaldehyde  are  reported  and  analyzed.  Spectra  obtained  in 
similar  work  |A.  W.  Mantz,  Appl.  Opt.  17,  1347  (1978)]  are 
critically  reinterpreted.  The  evidence  presented  demonstrates 
that  insufficient  attention  has  been  given  to  the  necessary  strin¬ 
gent  control  of  experimental  conditions.  The  consequences  of 
poor  control  are  described  and  a  qualitative  explanation  is 
offered.  This  paper  discusses,  in  particular,  the  production  of 
spectral  artifacts  consisting  of  displaced  (not  folded)  bands  and 
their  previous  erroneous  assignments.  Other  practical  aspects 
of  time  resolved  Fourier  transform  spectroscopy  with  a  rapid 
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scanning  Michelson  interferometer  are  outlined. 

Index  Headings:  Infrared;  Interferometry;  Time-resolved  spec¬ 
troscopy. 

INTRODUCTION 

Studies  of  dynamic  systems  anti  the  characterization 
of  reaction  intermediates  by  infrared  spectroscopy  are  ol 
considerable  current  interest.1  Of  particular  interest  to 
this  work  is  the  utilization  of  Fourier  transform  infrared 
methods  (FT-IR)  in  time  resolved  sped rttscopv.  This 
technique  was  originally  developed  for  step  scan  interfer¬ 
ometry  4  and  was  later  adapted  to  rapid  scan  methods 
bv  Mantz.'1’  In  general,  the  rapid  scan  interferometric 
technique  has  a  temporal  resolution  of  a  few  hundred 
microseconds  or  less.  Recently,  a  technique  of  infrared 
spectral  photography,  which  involves  the  upconversion 
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filter  gave  a  usable  spectral  range  of  3800  to  600  cm'1. 
Between  50  and  200  scans  were  co-added  for  each  inter- 
ferogram.  A  triglycine  sulfate  (TGS)  pyroelectric  bolom¬ 
eter  detector  was  used. 

B.  Sorting  Tests.  Two  types  of  tests  were  performed 
on  the  sort  routine.  First,  one  interferogram  was  dupli¬ 
cated  n  times,  and  this  set  was  sorted  and  transformed 
into  n  spectra.  Second,  interferograms  obtained  from  gas 
phase  samples  at  both  the  same  and  different  pressures 
were  sorted  and  transformed.  In  a  typical  test,  interfer¬ 
ograms  were  collected  from  samples  of  carbon  monoxide 
at  pressures  of  50,  60,  and  70  Torr  in  a  conventional  10 
cm  cell  using  the  spectrometer  in  its  normal  configura¬ 
tion.  The  parameters  (e.g.,  1  cm  1  resolution,  LP  filter, 
UDR  of  4,  etc.)  used  to  collect  the  test  interferograms 
and  the  time-resolved  data  were  similar.  These  interfer¬ 
ograms  were  duplicated  to  form  a  set  and  then  sorted 
and  transformed  as  if  they  arose  from  a  single  KS  exper¬ 
iment.  A  large  number  of  such  tests  was  done  varying 
the  sample  (e.g.,  CO,  CO..,  HjO),  pressure,  number  of 
interferograms,  resolution,  undersampling  ratio,  etc.  Ini¬ 
tially  the  software  for  TR  and  TK  modes  did  not  function 
correctly,  and  therefore  no  experiments  were  performed 
using  these  modes. 

C.  Reagents.  Acetaldehyde  (Eastman,  reagent  grade) 
was  degassed  by  vacuum  freeze-thawing  before  use.  Car¬ 
bon  monoxide  (Air  Products  99.3%),  helium  (Air  Prod¬ 
ucts  99.995%),  argon  (Linde  99.998%),  and  carbon  dioxide 
(Air  Products  99.8%)  were  used  as  received. 

II.  RESULTS  AND  DISCUSSION 

Mantz' reported  the  observation  of  a  well-resolved 
emission  band  centered  at  about  3195  cm1,  which  he 
assigned  to  the  HCO  radical,  during  the  flash  photolysis 
of  acetaldehyde  in  the  presence  of  carbon  monoxide  and 
helium  with  gas  pressures  of  about  7,  20,  and  50  Torr, 
respectively.  It  was  commented  that  the  addition  of 
carbon  monoxide  enhanced  the  production  of  HCO  at 
the  expense  of  CH.,.  The  flashlamp  was  operated  in  the 
range  of  75  to  150  pps,  and,  using  the  TR  mode,  a 
spectrum  was  recorded  at  the  peak  of  the  flash.  The  time 
scale  of  such  an  experiment  is  on  the  order  of  an  hour, 
and  because  the  sample  was  static  in  this  particular  run,''1 
the  concentration  of  the  products  (mainly  CO  and  CH«) 
increased  during  data  collection. 

In  experiments  at  Tennessee  using  essentially  the  same 
equipment,  but  in  "kinetic  studies”  mode,  neither  “emis¬ 
sion"  bands  nor  other  evidence  for  any  transients  was 
observed  when  acetaldehyde-carbon  monoxide-helium 
mixtures  were  allowed  to  flow  through  the  cell  under 
carefully  controlled  conditions  at  pressures  comparable 
to  those  described  by  Mantz.1  "  The  flow  rates  and 
pressures  were  maintained  such  that  spectral  absorb¬ 
ances  did  not  vary  by  more  than  2%  throughout  data 
collection.  A  typical  flow  rate  resulted  in  about  one 
change  of  the  cell  contents  per  single  scan  (i.e.,  about  30 
changes/min),  but  this  was  deliberately  varied  by  a  factor 
of  0.2  to  5  from  experiment  to  experiment. 

In  several  experiments  the  flow  rates  and  pre.ssures 
varied  during  data  collection.  In  these  cases  a  weak 
absorption  band  with  PR  structure  centered  at  2460  cm  ' 
was  detected  in  some  spectra.  The  individual  features  of 


the  band  were  only  poorly  resolved  but  appeared  to  have 
a  spacing  of  about  3.5  cm"1.  This  frequency  is  reasonably 
close  to  that  reported  for  v,  of  HCO  in  its  electronic 
ground  state.11  However,  there  was  no  evidence  for  vn  of 
HCO,  which  has  been  shown  to  be  a  stronger  band.1*  An 
intense  acetaldehyde  band2*  would  overlap  v?.  It  soon 
became  evident  that  the  greater  the  variation  of  carbon 
monoxide  pressure  in  the  cell  during  data  collection,  the 
greater  was  the  intensity  of  this  band,  implying  that  it 
did  not  arise  from  an  HCO  vibration. 

Accordingly,  a  series  of  pseudo-time-resolved  experi¬ 
ments  (sorting  tests)  was  performed  to  investigate  this 
phenomenon.  When  interferograms  obtained  from  car¬ 
bon  monoxide  samples  at  various  pressures  under  con¬ 
ventional  conditions  (i.e.,  no  photolysis)  was  subjected  to 
the  KS  sorting  process,  the  transformed  spectra  generally 
showed  many  displaced  carbon  monoxide  type  bands. 
Fig.  1  shows  a  typical  spectrum  resulting  from  sorting  25 
interferograms  under  conditions  resembling  our  acetal¬ 
dehyde  experiments.  The  fundamental  CO  band  is  shown 
at  2143  cm-1,  and  displaced  bands  can  be  seen  centered 
at  approximately  1510,  1830,  2460,  2780,  2920.  and  3080 
cm-1.  These  bands  occur  in  “emission”  or  “absorption” 
mode,  or  in  transition  between  these  states.  The  bands 
at  3080  and  2920  cm  1  are  typical  of  “absorption",  those 
at  1510  and  2780  cm  1  typical  of  “emission"  while  those 
at  1830  and  2460  cm'1  display  intermediate  behavior.  In 
the  set  of  25  spectra,  individual  bands  independently 
changed  between  these  states  but  maintained  their  fre¬ 
quencies.  The  components  of  these  bands  possessed  the 
relative  intensity  and  spacing  of  the  carbon  monoxide 
fundamental  with  a  feature  matching  the  P  branch  ap¬ 
pearing  at  a  lower  frequency  to  that  matching  the  R 
branch.  This  is  not  the  behavior  observed  when  alias¬ 
ing1,  1K  or  double-passing2'’  occurs,  as  these  phenomena 
result  in  folded  (i.e.,  spectrally  reversed)  features.  The 
displaced  bands  appear  at  both  higher  and  lower  fre¬ 
quencies  than  the  fundamental  and  therefore  this  is  not 
caused  by  a  Nyquist  sampling  problem.1,  "*  The  strongest 
of  these  bands  is  centered  at  2460  cm'1,  and  in  our  actual 


Fin.  1  FT  IK  transmit  land*  select  rum  from  a  pwudo  time  resolved 
experiment  using  carbon  monoxide*  .samples.  This  figure  shows  the  CO 
fundamental  at  2 1 4.1  cm  1  and  displaced  hands  at  higher  and  lower 
frequencies  exhibiting  “emission,”  “absorption.”  and  intermediate  be 
havior 
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of  infrared  frequencies  to  the  visible  region  and  photo¬ 
graphic  recording  of  the  signal,  has  been  developed;  it 
has  a  temporal  resolution  of  5  ns.7  Although  this  upcon- 
version  technique  permits  better  temporal  resolution 
than  the  FT  method,  the  latter  is  capable  of  studying  a 
wider  bandwidth  and  is  commercially  available.8  It  has 
been  noted  that  stringent  control  of  experimental  condi¬ 
tions  is  necessary  for  the  successful  application  of  the  FT 
technique. l,s  Evidence  produced  in  this  laboratory  dem¬ 
onstrates  that  insufficient  attention  has  been  given  to 
this  control,  leading  to  the  production  of  spectral  artifacts 
and  erroneous  interpretation  of  experimental  data.  The 
report  of  the  infrared  emission  spectrum  of  the  HCO 
radical1' 6  is  not  consistent  with  existing  spectral  evidence; 
in  attempting  to  repeat  and  extend  this  work  we  encoun¬ 
tered  anomalous  spectroscopic  features. 

The  spectroscopic  parameters  of  HCO  in  its  electronic 
ground  state  are  well  established.  The  infrared  matrix 
isolation  work  of  Milligan  and  Jacox9, 10  identified  the 
fundamental  vibrational  frequencies  in  a  carbon  monox¬ 
ide  matrix  as  2483,  1861,  and  1090  cm”1  and  found  that 
the  intensity  ratios  of  these  bands  were  =:  2/,,  =  4/„i. 
Ogilvie11  confirmed  these  results  and  extended  the  earlier 
work  of  Herzberg  and  Ramsay1"  to  derive  the  following1. 

Rotational  constants  (cm  1 1  Fundamental  frequencies  (cm  ') 


/It  410 

WSTn 

Pi 

2462 

Bum) 

1.49, 

Vi 

1861 

Cum 

1.40U, 

v.t 

1083 

These  values  have  been  refined  using  a  variety  of  laser 
techniques.  "l:’  The  time  and  wavelength  dependence  of 
the  photolysis  of  acetaldehyde  has  also  recently  been 
reported."’ 

The  assignment  of  the  emission  band  at  ,3195  cm  1  to 
HCO  by  Mantz'  b  appears  questionable  because: 

1.  The  frequency  does  not  match  any  fundamental, 
combination,  or  overtone  band  of  the  HCO  radical  in 
either  its  ground  or  first  excited  electronic  state.11' 12 

2.  The  spacing  of  the  features  in  the  band,  estimated 
at  4  cm  1  at  the  center  from  an  enlargement  of  the 
published  spectrum,  does  not  match  any  combination  of 
the  rotational  constants. 1 1 

3.  The  band  is  simple,  implying  emission  from  a  single 
excited  vibrational  state  (v  =  1). 

4.  No  other  expected  bands  (e.g.,  the  fundamentals) 
are  reported,  and  their  absence  or  presence  is  not  dis¬ 
cussed. 

5.  The  power  developed  by  the  flashlamp  appears  to 
be  inadequate  to  generate  a  sufficient  quantity  of  HCO 
radicals  per  flash  (vide  infra). 

Based  on  experimental  and  theoretical  work  in  this 
laboratory,  this  paper  reinterprets  the  published  spec¬ 
tra1  ,v  6  to  show  that  infrared  bands  assigned  to  transient 
species  are  spectroscopic  artifacts.  The  practical  prob¬ 
lems  of  time-resolved  spectroscopy  using  a  rapid  scanning 
interferometer  are  discussed. 

I.  EXPERIMENTAL 

A.  Time-Resolved  Spectroscopy.  Spectra  were  ob¬ 
tained  using  a  Digilab  FTS  20C/V  spectrometer.  This 
system  includes  a  rapid  scanning  interferometer1"19  with 
0.125  cm  1  maximum  resolution,  a  Data  General  Nova  .3/ 
12  minicomputer  with  .32  768  words  of  memory  and  a 


Data  General  five  megaword  disk.  The  time-resolved 
hardware  and  software  were  purchased  from  Digilab, 
Inc.“  The  system  operates  in  three  modes:  “kinetic  stud¬ 
ies”  (KS),  “time  resolve”  (TR),  and  “time  kinetic”  (TK). 

/.  Kinetic  Studies.  A  key  part  of  the  spectrometer  is 
the  He-Ne  laser  reference  interferometer  which  clocks 
100  /is  intervals.  In  KS  mode  the  flashlamp  Is  triggered 
by  this  clock  and  data  points  can  be  taken  at  100  gs 
intervals',  however,  an  undersampling  ratio  (UDR)  is 
normally  used  thus  collecting  data  on  every  nth  clock 
pulse  (n  =  4,  8  etc.)  and  limiting  the  spectral  range 
available  (e.g.,  to  0  to  3950,  0  to  1975,  or  1975  to  3950 
cm1,  etc.).  In  a  typical  case  the  lamp  is  triggered  every 
20  ms  with  a  UDR  of  4,  and  data  points  are  collected 
every  400  gs  for  a  total  of  50  data  points  between  flashes. 
After  the  interferograms  are  sorted  and  transformed,  50 
individual  spectra  result  corresponding  to  times  of  0  to 
19.6  ms  after  the  flashlamp  trigger  at  400  gs  intervals. 

2.  Time  Resolve.  In  this  mode  only  one  spectrum 
results  at  time  r  =  n  /xs  (where  n  is  an  integer)  after  the 
flashlamp  trigger.  This  delay  is  controlled  by  a  1  MHz 
clock. 

3.  Time  Kinetic.  This  is  similar  to  TR  mode  except 
that  three  spectTa  result  corresponding  to  r  =  n,  n  +  25, 
and  n  +  50  /ts  after  the  flashlamp  trigger. 

The  infrared  cell,  flashlamp,  and  power  supply  were 
those  described  by  Mantz  in  his  acetaldehyde  experi¬ 
ment.1  B  This  apparatus  was  supplied  to  this  laboratory 
on  a  temporary  basis  by  Digilab,  Inc."  The  flashlamp 
power  supply  (Uvion  Corporation)  was  specified  to  sup¬ 
ply  up  to  5  kW  raw  dc  power  and  to  deliver  a  maximum 
of  20  J/pulse  at  a  rate  up  to  60  pps  into  an  EG&G  FX- 
65B-6  flashtube.2"  The  lamp  output  consisted  of  a  band 
at  250  nm  superimposed  on  a  continuum."'1  Although  it 
was  designed  to  have  a  10  to  15  gs  wide  current  pulse, 
the  light  pulse  was  measured  as  60  to  65  ps  wide  at  one- 
third  peak  height  using  a  Xenon  Corporation  model  H 
pulse  monitor.  The  lamp  was  usually  operated  at  50  pps. 

Infrared  radiation  from  a  carbon  rod  furnace,22  drawing 
300  A  at  8  V,  was  collimated  by  a  spherical  mirror  into 
the  interferometer.  A  30  cm  long,  50  mm  diameter  cylin¬ 
drical  quartz  cell1  equipped  with  potassium  bromide  win¬ 
dows  was  located  exterior  to  the  interferometer,  between 
the  source  and  the  beamsplitter.  The  interferometer  itself 
was  evacuated  while  the  flashlamp,  cell,  and  external 
optics  were  surrounded  bv  a  lightproof  box  purged  with 
drv  nitrogen.  Samples  were  pumped  through  the  cell; 
both  the  individual  inlet  and  the  outlet  flows  were  con¬ 
trolled  with  micrometering  valves,  and  the  pressure  in 
the  cell  was  monitored  with  a  Robertshaw  Bourdon 
gauge.  Data  collection  was  started  only  when  several 
successive  spectra  taken  with  the  flashlamp  in  operation 
showed  that  steady  pressures  had  been  attained.  Un¬ 
sorted  interferograms  were  transformed  during  the  ex¬ 
periment  to  check  that  these  pressures  had  remained 
constant.  Although  the  cell  was  equipped  with  an  outer 
water  jacket  for  cooling  and  filtering  infrared  radiation 
emitted  bv  the  flashlamp,1  h  this  was  found  to  be  unnec¬ 
essary  in  our  experiments  and  instead  a  dry  nitrogen 
atmosphere  was  maintained  in  this  jacket. 

Spectra  were  usually  collected  at  1  cm  1  resolution 
using  a  germanium  beamsplitter  on  a  potassium  bromide 
substrate.  A  UDR  of  4  combined  with  a  long  pass  (LP) 
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filter  gave  a  usable  spectral  range  of  3800  to  600  cm'1. 
Between  50  and  200  scans  were  co-added  for  each  inter- 
ferogram.  A  triglycine  sulfate  (TGS)  pyroelectric  bolom¬ 
eter  detector  was  used. 

B.  Sorting  Tests.  Two  types  of  tests  were  performed 
on  the  sort  routine.  First,  one  interferogram  was  dupli¬ 
cated  n  times,  and  this  set  was  sorted  and  transformed 
into  n  spectra.  Second,  interferograms  obtained  from  gas 
phase  samples  at  both  the  same  and  different  pressures 
were  sorted  and  transformed.  In  a  typical  test,  interfer¬ 
ograms  were  collected  from  samples  of  carbon  monoxide 
at  pressures  of  50,  60,  and  70  Torr  in  a  conventional  10 
cm  cell  using  the  spectrometer  in  its  normal  configura¬ 
tion.  The  parameters  (e.g.,  1  cm  1  resolution,  LP  filter, 
UDR  of  4,  etc.)  used  to  collect  the  test  interferograms 
and  the  time-resolved  data  were  similar.  These  interfer¬ 
ograms  were  duplicated  to  form  a  set  and  then  sorted 
and  transformed  as  if  they  arose  from  a  single  KS  exper¬ 
iment.  A  large  number  of  such  tests  was  done  varying 
the  sample  (e.g.,  CO,  CO..,  HjO),  pressure,  number  of 
interferograms,  resolution,  undersampling  ratio,  etc.  Ini¬ 
tially  the  software  for  TR  and  TK  modes  did  not  function 
correctly,  and  therefore  no  experiments  were  performed 
using  these  modes. 

C.  Reagents.  Acetaldehyde  (Eastman,  reagent  grade) 
was  degassed  by  vacuum  freeze-thawing  before  use.  Car¬ 
bon  monoxide  (Air  Products  99.3%),  helium  (Air  Prod¬ 
ucts  99.995%),  argon  (Linde  99.998%),  and  carbon  dioxide 
(Air  Products  99.8%)  were  used  as  received. 

II.  RESULTS  AND  DISCUSSION 

Mantz1*  reported  the  observation  of  a  well-resolved 
emission  band  centered  at  about  3195  cm  ',  which  he 
assigned  to  the  HCO  radical,  during  the  flash  photolysis 
of  acetaldehyde  in  the  presence  of  carbon  monoxide  and 
helium  with  gas  pressures  of  about  7,  20,  and  50  Torr, 
respectively.  It  was  commented  that  the  addition  of 
carbon  monoxide  enhanced  the  production  of  HCO  at 
the  expense  of  CH*.  The  flashlamp  was  operated  in  the 
range  of  75  to  150  pps,  and,  using  the  TR  mode,  a 
spectrum  was  recorded  at  the  peak  of  the  flash.  The  time 
scale  of  such  an  experiment  is  on  the  order  of  an  hour, 
and  because  the  sample  was  static  in  this  particular  run,2' 
the  concentration  of  the  products  (mainly  CO  and  CH<) 
increased  during  data  collection. 

In  experiments  at  Tennessee  using  essentially  the  same 
equipment,  but  in  “kinetic  studies"  mode,  neither  “emis¬ 
sion”  bands  nor  other  evidence  for  any  transients  was 
observed  when  acetaldehyde-carbon  monoxide-helium 
mixtures  were  allowed  to  flow  through  the  cell  under 
carefully  controlled  conditions  at  pressures  comparable 
to  those  described  by  Mantz.lh  The  flow  rates  and 
pressures  were  maintained  such  that  spectral  absorb¬ 
ances  did  not  vary  by  more  than  2%  throughout  data 
collection.  A  typical  flow  rate  resulted  in  about  one 
change  of  the  cell  contents  per  single  scan  (i.e.,  about  30 
changes/min),  but  this  was  deliberately  varied  by  a  factor 
of  0.2  to  5  from  experiment  to  experiment. 

In  several  experiments  the  flow  rates  and  pressures 
varied  during  data  collection.  In  these  cases  a  weak 
absorption  band  with  PR  structure  centered  at  2460  cm  1 
was  detected  in  some  spectra.  The  individual  features  of 


the  band  were  only  poorly  resolved  but  appeared  to  have 
a  spacing  of  about  3.5  cm  This  frequency  is  reasonably 
close  to  that  reported  for  ci  of  HCO  in  its  electronic 
ground  state."  However,  there  was  no  evidence  for  en  of 
HCO,  which  has  been  shown  to  be  a  stronger  band."  An 
intense  acetaldehyde  band24  would  overlap  e-2.  It  soon 
became  evident  that  the  greater  the  variation  of  carbon 
monoxide  pressure  in  the  cell  during  data  collection,  the 
greater  was  the  intensity  of  this  band,  implying  that  it 
did  not  arise  from  an  HCO  vibration. 

Accordingly,  a  series  of  pseudo-time-resolved  experi¬ 
ments  (sorting  tests)  was  performed  to  investigate  this 
phenomenon.  When  interferograms  obtained  from  car¬ 
bon  monoxide  samples  at  various  pressures  under  con¬ 
ventional  conditions  (i.e.,  no  photolysis)  was  subjected  to 
the  KS  sorting  process,  the  transformed  spectra  generally 
showed  many  displaced  carbon  monoxide  type  bands. 
Fig.  1  shows  a  typical  spectrum  resulting  from  sorting  25 
interferograms  under  conditions  resembling  our  acetal¬ 
dehyde  experiments.  The  fundamental  CO  band  is  shown 
at  2143  cm’1,  and  displaced  bands  can  be  seen  centered 
at  approximately  1510,  1830,  2460.  2780,  2920,  and  3080 
cm’1.  These  bands  occur  in  “emission”  or  “absorption” 
mode,  or  in  transition  between  these  states.  The  bands 
at  3080  and  2920  cm  '  are  typical  of  “absorption”,  those 
at  1510  and  2780  cm  1  typical  of  “emission"  while  those 
at  1830  and  2460  cm  1  display  intermediate  behavior.  In 
the  set  of  25  spectra,  individual  bands  independently 
changed  between  these  states  but  maintained  their  fre¬ 
quencies.  The  components  of  these  bands  possessed  the 
relative  intensity  and  spacing  of  the  carbon  monoxide 
fundamental  with  a  feature  matching  the  I'  branch  ap¬ 
pearing  at  a  lower  frequency  to  that  matching  the  R 
branch.  This  is  not  the  behavior  observed  when  alias¬ 
ing' '  IM  or  double-passing2’’  occurs,  as  these  phenomena 
result  in  folded  (i.e.,  spectrally  reversed)  features.  The 
displaced  bands  appear  at  both  higher  and  lower  fre¬ 
quencies  than  the  fundamental  and  therefore  this  is  not 
caused  by  a  Nyquist  sampling  problem.1 '  The  strongest 
of  these  bands  is  centered  at  2460  cm  ,  and  in  our  actual 


Kin  1  FT  IK  transmittance  s|iectnim  from  a  pseudo  time  resolved 
ex|>ermient  using  <  nr  bon  monoxide  samples  This  figure  show*  the  CO 
fundamental  at  214.1  <  m  '  and  displaced  hands  al  higher  and  lower 
frequencies  exhibiting  "emission."  “absorption."  and  intermediate  lie 
havior 
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time-resolved  experiments  other  artifacts  were  either  too 
weak  to  be  observed  or  obscured  by  acetaldehyde  bands. 

A  second  pseudo-time-resolved  experiment  was  per¬ 
formed  using  carbon  monoxide  samples  and  parameters 
conforming  as  closely  as  possible  to  those  of  Mantz’s 
acetaldehyde  experiment.' •h  A  displaced  feature  was  ob¬ 
served,  a  well-resolved  "emission”  band  centered  at  3195 
cm  '.  Fig.  2  shows  the  band  obtained,  and  Fig.  3  dem¬ 
onstrates  the  close  similarity  of  this  displaced  band  to 
that  observed  by  Mantz.1,  h  In  view  of  the  static  nature  of 
his  experiment,2'1  the  concentration  of  carbon  monoxide 
(produced  by  acetaldehyde  photolysis)  increased  during 
data  collection.  We  attribute  the  appearance  of  the  band 
to  this  increase  and  conclude  that  the  band  is  not  due  to 
a  transient  species.  It  is  significant  that  it  was  reproduced 
despite  differences  in  experimental  conditions  (e.g.,  ab¬ 
sence  of  acetaldehyde,  use  of  a  slower  detector,  etc.). 

The  phenomenon  of  displaced  bands  may  be  explained 
by  examination  of  computer-generated  interferograms.  A 
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Fic;.  2.  Fart  of  a  FT-IK  transmittance  spectrum  from  a  pseudo-time- 
resolved  experiment  using  carbon  monoxide  samples.  The  displaced 
CO  band  is  centered  at  .1195  cm 
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Fir.  1.  Top  FT-IR  npertrum  claimed  to  show  HCO  radical  in  emission 
and  r.  of  methane  in  «l»orpti»»n  <From  Man!/  )  Bottom  Displated 
carbon  monoxide  FT-IR  transmit tan<  c  spectrum  from  pseudo  time 
resolved  experiment 
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Fig.  4.  a.  One  of  the  set  of  cosine  waves  b  An  irregular  waveform 
produced  by  the  KS-type  sort.  (See  text  ! 

simple  model  of  the  interferogram  corresponding  to  a 
single  narrow  spectral  line  is  a  cosine  wave.'  ‘ 12  This  is 
illustrated  in  Fig.  4a,  where  the  cosine  wave  has  been 
sampled  at  a  frequency  much  greater  than  that  of  the 
signal  itself.  The  amplitude  of  the  cosine  wave  is  deter¬ 
mined  bv  the  intensity  of  the  absorbance.  The  criterion 
for  a  faithful  representation  of  this  cosine  wave  in  sorted 
interferograms  is  simple;  its  amplitude  in  each  of  the 
unsorted  interferograms  must  be  identical.  This  case  was 
simulated  in  the  laboratory  when  a  single  interferogram 
was  duplicated  n  times,  the  resulting  set  sorted  (as  if  the 
interferograms  had  been  produced  in  a  KS  mode  exper¬ 
iment)  and  transformed  into  n  spectra.  The  resulting 
spectra  displayed  an  increase  in  noise  over  a  spectrum 
obtained  from  the  original  interferogram  by  less  than 
0.1'?.  On  the  other  hand,  if  the  absorbance  of  the  single 
frequency  considered  in  this  simple  case  varies,  then  the 
cosine  waves  to  be  sorted  will  have  differing  amplitudes. 
The  sorting  of  such  a  series  results  in  an  irregular  pattern 
in  place  of  the  simple  cosine  wave.  This  was  demon¬ 
strated  as  follows;  10  cosine  waves,  all  having  the  fre¬ 
quency  of  the  one  in  Fig.  4a  but  differing  amplitudes, 
were  computer  sorted  as  if  they  were  KS  interferograms 
Fig.  4b  shows  one  of  the  sorted  interferograms.  This  type 
of  pattern  will  he  transformed  as  a  composite  of  two  or 
more  frequencies,  which  leads  to  the  extraneous  sfiectral 


402 


Volume  34,  Number  4,  1980 


features.  The  introduced  frequencies  may  constructively 
or  destructively  add  to  the  genuine  frequencies  in  the 
bandwidth  leading  to  “emission"  or  “absorption"  hands 
in  the  transformed  spectra.  In  the  more  general  case,  the 
interferogram  representing  a  spectral  absorption  band  is 
actually  a  series  of  cosine  waves.  When  an  absorbance 
variation  occurs  in  a  time-resolved  experiment,  each 
member  of  the  entire  series  of  cosine  waves  is  shifted  in 
unison;  hence,  the  band  is  not  folded.  The  actual  number 
of  displaced  bands  and  their  relative  positions  depend 
upon  the  number  of  dissimilar  interferograms  sorted,  the 
absorbance  change,  the  rate  of  that  change,  and  the 
undersampling  ratio. 

It  has  been  observed  that  this  displacement  effect  is 
most  apparent  when  variations  in  the  pressures  of  species 
that  give  rise  to  sharp  bands  are  encountered  and  is  more 
pronounced  with  increasing  spectral  resolution.  Our  stud¬ 
ies  indicate  that,  for  a  50%  absorbing  band  having  ob¬ 
servable  rotational  fine  structure,  fluctuations  must  be 
kept  below  ± 2 %  absorbance  when  working  at  1  cm"1 
resolution.  Finer  control  may  be  necessary  in  some  in¬ 
stances  and  will  be  required  at  higher  resolutions.  For 
species  that  give  broad,  unresolved  bands  greater  toler¬ 
ance  may  be  allowable,  but  undulating  baselines  in  sorted 
spectra  will  result.  We  have  obtained  reasonable  spectra 
using  a  compound  that  varied  in  absorbance  by  ±25% 
which  has  bands  50  cm  1  wide  at  half  maximum. 

The  above  conclusions  apply  not  only  to  the  pressures 
of  reactants  and  products  in  a  time-resolved  spectroscopy 
experiment  but  also  to  the  pressures  of  other  absorbing 
species  present — e.g.,  water  vapor  and  carbon  dioxide  in 
a  purged  instrument.  This  was  noted  by  Durana  and 
Mantz  (Ref.  1,  p.  43),  but  the  effects  were  not  character¬ 
ized  nor  the  implications  fully  realized.  The  spectra  ob¬ 
tained  by  Mantz  in  the  study  of  acetone  photolysis,'  in 
which  the  spectrometer  and  external  optics  were  not 
purged,  display  a  transient  band  at  3138  cm  '.  This  was 
assigned  to  ketene,'’  but  a  closer  examination  reveals  the 
similarity  between  this  band  and  v.i  of  carbon  dioxide  at 
2348  cm  1  in  the  same  spectra.  On  performing  a  pseudo¬ 
time-resolved  experiment  with  a  varying  pressure  of  CO,., 
using  the  parameters  of  Ref.  5,  this  band  is  clearly 
reproduced  (Fig.  5)  along  with  a  weaker  band  at  2750 
cm  ',  also  just  discernable  in  the  published  spectra. '  The 
strange  features  observed  by  Mantz  between  2500  and 
2800  cm  1  (Fig.  3  of  Ref.  5)  which  vary  between  "emis¬ 
sion"  and  “absorption”  can  now  be  explained.  These  may 
be  reproduced  by  varying  the  pressure  of  water  vapor 
and  correspond  to  the  large,  complex  v-i  band  of  water 
vapor  centered  at  1800  cm  '. 

In  a  more  general  case  the  large  spectral  range  of  water 
vapor  absorption  bands  (4100  to  3400,  2000  to  1200,  and 
600  to  50  cm  '),  their  intensity  and  superficial  irregularity 
will  produce,  when  displaced  and  overlapped,  fine  base¬ 
line  fluctuations.  Therefore,  when  purge  conditions  vary 
slightly  during  the  experiment,  this  will  result  in  a  high 
apparent  noise  level  in  sorted  spectra. 

We  have  observed  that  lack  of  stability  in  other  areas 
of  the  time  resolved  experiment  can  lead  to  a  variety  of 
spectroscopic  problems.  In  particular,  it  has  been  found 
that  a  change  in  the  location  of  the  infrared  centerburst 
with  respect  to  the  white-light  trigger  can  produce  hand 
harmonics  ( Ref.  I,  p.  55).  This  was  particularly  noticeable 


Fie.  5.  FT-IR  absorbance  spectrum  from  a  pseudo-time-resoKed  ex¬ 
periment  using  carbon  dioxide  samples.  This  figure  shows  r  of  CO  at 
2348  cm  and  the  displaced  bands  at  3138  and  ‘2750  cm  1  are  indicated. 


when  a  germanium  beamsplitter  supported  on  a  cesium 
iodide  substrate  was  used.  It  appeared  that  the  soft 
substrate  gradually  deformed  even  when  maintained  at 
a  constant  temperature  in  a  vacuum. 

111.  PHOTOCHEMICAL  CONSIDERATIONS 

Although  photochemical  parameters  will  vary  greatly 
from  system  to  system,  a  few  generalizations  can  be 
made.  In  order  for  a  moderately  strong  1R  absorber  such 
as  CO  to  be  detected  in  the  gas  phase  by  FT-IR  spec¬ 
troscopy  at  1  cm  1  resolution,  a  pressure  of  approximatelv 
0.1  Torr  in  a  30  cm  long  single-pass  cell  will  be  required. 
At  higher  resolutions,  or  with  the  use  of  longer  or  multi¬ 
pass  cells,  this  figure  would  be  lower  The  quantity  of  a 
transient  species  that  can  be  produced  by  a  single  l‘V 
flash  depends  upon  lamp  characteristics  (energy  per 
pulse,  spectral  distribution,  focusing  efficiency,  etc.i.  cell 
properties  (transmission,  reflection  losses,  pathlengih. 
etc.),  molecular  parameters  (absorption  coefficient  and 
its  variation  with  wavelength,  quantum  yield  for  the 
production  of  the  species  of  interest  and  lifetime  of  that 
species),  and  the  pressure(s)  of  the  precursorlsl  in  the 
cell.  As  the  experiment  detects  transients  in  the  presence 
of  the  starting  materials,  increasing  the  pressure  of  the 
precursor  or  use  of  long  and  multi-pass  cells  will  not  be 
an  advantage  if  the  transient  species  absorbs  at  similar 
frequencies  to  the  precursor.  It  is  therefore  difficult  to 
estimate  the  flashlamp  power  that  is  required  in  a  partic¬ 
ular  experiment,  but  some  observations  can  be  made 
regarding  the  source  used  by  Mantz.' 

As  there  was  no  vertical  scale  on  the  published  spec¬ 
trum  in  the  acetaldehyde  study,  static  experiments  were 
performed  to  estimate  the  quantity  of  methane  produced 
per  flash.  In  one  such  experiment  the  3(1  cm  cell  was 
filled  with  5  Torr  of  acetaldehyde.  This  sample  was 
subjected  to  70  (XX)  flashes  from  the  lamp,  and  the  spec¬ 
trum  of  the  cell  contents  was  then  taken  at  1  cm 
resolution.  This  spectrum  (Fig.  61  dearly  shows  the  /\ 
band  of  methane,  one  of  the  stable  products,  and  the 
height  of  its  ({-branch  at  3010  cm  1  was  measured  to  be 
0.32  absorbance  unit  It  can  be  seen  that  the  methane 
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wavenumbers 

Fig.  6.  FT-IH  absorbance  spectrum  of  photolvzed  acetaldehyde  sam¬ 
ple  showing  v\  of  methane.  The  arrow  indicates  the  smallest  clearly 
discernahle  feature,  at  .1157  cm 

line  at  3157  cm'1  is  the  weakest  feature  (0.025  a.u.)  that 
can  be  clearly  distinguished  above  the  noise  level  (about 
0.01  a.u.).  Therefore,  assuming  a  constant  conversion  per 
flash,  it  emerges  that  about  2000  flashes  would  be  re¬ 
quired  to  produce  an  observable  quantity  of  methane, 
but  for  the  time-resolved  experiment  to  succeed  this 
amount  must  be  produced  per  flash.  Thus,  it  is  apparent 
that  it  is  unrealistic  to  use  this  source  for  photolysis  of 
acetaldehyde,  with  its  low  absorption  coefficient  («  =  12 
liters/mol-cm  at  280  nm*)  and  low  quantum  yield  for  the 
production  of  HCO  (<pt  =  0.4  at  280  nnr1'). 

The  flashlamp  rate  is  determined  by  two  factors.  First, 
it  is  necessary  for  any  photolytic  reaction  to  be  complete 
before  the  next  flash  is  triggered;  second,  the  maximum 
flash  rate  is  dictated  by  the  electrical  characteristics  of 
the  power  supply.  For  example,  a  1  kW  power  supply  can 
deliver  20  J/pulse  up  to,  but  not  exceeding,  50  pps.  The 
flashlamp  rate,  for  a  particular  experiment,  determines 
the  total  data  collection  time;  that  is,  the  lower  the  flash 
rate,  the  longer  the  acquisition  time.  This  time  is  signif¬ 
icant  in  many  ways.  Steady  flow  rates  and  pressures 
must  be  maintained  over  a  period  of  several  hours,  re¬ 
sulting  in  the  use  of  considerable  quantities  of  the  starting 
material  (e.g.,  0.1  to  1  mol).  This  consumption  may  imply 
a  significant  cost  if  isotopically  modified  or  expensive 
compounds  are  used. 

The  time  required  for  the  sorting  process  is  also  a 
major  consideration,  particularly  in  KS  mode,  for  which 
it  has  an  approximate  inverse  quadratic  relation  to  the 
flash  rate.  Using  the  Nova  3/12  computer  system  de¬ 
scribed,  a  sort  of  50  interferograms,  collected  at  1  cm  1 
resolution  and  a  UDR  of  4  (50  pps  flash  rate),  required 
approximately  11  hours.  When  all  other  parameters  re¬ 
main  the  same,  if  the  flash  rate  is  lower,  then  the  number 
of  files  produced  is  larger,  and  a  shortage  of  computer 
space  may  result.  This  space  may  be  reduced  by  using  a 
higher  UDR,  which  in  turn  results  in  a  smaller  available 
spectral  range,  limiting  the  usefulness  of  the  experiment. 
A  trade-off  can  be  made  by  employing  the  more  com¬ 
puter-storage-space  conservative  TR  or  TK  modes;  how¬ 
ever,  much  kinetic  information  is  lost.  Furthermore,  in 
TR  and  TK  modes  only  partial  interferograms  are  stored 
during  data  collection,  and  therefore  changes  in  spectral 


absorbances  of  reactants  cannot  be  temporally  monitored 
during  the  collection  process. 

IV.  CONCLUSIONS 

It  has  been  demonstrated  that  the  results  of  the  time- 
resolved  experiments  previously  published  *'  have  been 
misinterpreted  owing  to  the  production  of  spectroscopic 
artifacts.  The  features  in  question  were  caused  by  pres¬ 
sure  fluctuations  during  data  acquisition  and  are  not 
related  to  transient  species.  A  large  and  varying  number 
of  artifacts  can  be  produced  in  this  manner  in  apparently 
random  positions.  The  flashlamps  used  in  the  reported 
studies1,  were  not  powerful  enough  to  produce  a  suffi¬ 
cient  quantity  of  products  per  flash  to  be  detected  by  the 
FT-IR  spectrometer  used.  It  has  been  emphasized  that 
key  parts  of  the  experiment  are  the  fine  control  of  pre¬ 
cursor  pressures,  purge  conditions,  and  maintenance  of 
interferometer  stability. 

With  these  careful  experimental  controls  this  type  of 
time-resolved  spectroscopy  should  be  a  viable  technique. 
Although  examination  of  static  systems  in  which  irre¬ 
versible  products  are  formed  will  yield  misleading  data, 
study  of  rapidly  reversible  perturbations  from  equilib¬ 
rium  should  be  possible.  A  study  of  compounds  with 
greater  photochemical  sensitivity  than  acetaldehyde  and 
acetone  with  the  use  of  a  more  powerful  flashlamp  is  in 
progress. 
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